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Unconventional tight reservoirs have gained importance in global oil and gas production. The fine-
grained tight reservoir rocks are often anisotropic as results of their laminar structures in multiple scales of 
observation. Anisotropic textures of fine-grained rocks have significant influence on pore structures and 
fluid transport properties. For successful development of unconventional reservoirs, it is critical to precisely 
characterize evolutions of pore structures and anisotropic flow properties in depleting tight formations. 
Common geophysical parameters used for characterization of anisotropy in tight reservoirs include wave 
velocity, attenuation and electrical conductivity. Previous studies have shown that joint investigations using 
elastic and electrical properties are necessary for assessment of pore structures and permeability anisotropy 
in tight reservoirs. Conducting these investigations is always challenged by lack of experimental study on 
anisotropy mechanisms as well as connections between geophysical anisotropy and permeability anisotropy. 
Furthermore, the study on connection between direction-dependent attenuation mechanism and pore 
structure is lacking in tight reservoirs.  A comprehensive study on anisotropic velocity, attenuation and 
conductivity responses would greatly benefit characterization of pore structure and flow properties in tight 
reservoirs. 
In this thesis I first introduce a new experimental design that provides simultaneous, multi-directional 
ultrasonic and electrical experiments on cores under pressure conditions. The system is tested and validated 
using standard references and natural rock samples. Then I investigate individual mechanisms and controls 
of velocity, attenuation and complex conductivity anisotropy in tight rocks under pressure. Results of 
ultrasonic measurements show that attenuation and attenuation anisotropy are sensitive to the closure of 
low aspect ratio pores or microcracks. Attenuation anisotropy in clay and organic rich formations correlates 
well with the presence of compliant materials (clay and organic matter). Evolution of attenuation anisotropy 
strongly relates to directional pore connectivity in fine-grained samples. Similarly, electrical textural 
parameters including formation factor (  and tortuosity ( ) tensor also show correlation with pore 
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deformation and pore connectivity change in tight samples. Tortuosity is a very sensitive parameter for 
preferential pore alignment and directional pore deformation in tight reservoirs.  
Finally, this thesis provides results of joint velocity, attenuation and conductivity measurements on 
sandstone and fine-grained tight rocks under pressure. Results on sandstone imply correlation between rock 
physics parameters and pore deformation as well as permeability change. For tight reservoir rocks, 
permeability anisotropy could have completely opposite trends in chalks and shales depending on texture 
and pore size distribution. Among all elastic, anelastic and electrical anisotropy parameters, imaginary 
conductivity shows the strongest relationship with preferential pore alignment and directional pore 
connectivity. While the combination of all three anisotropies provides a comprehensive understanding of 
textural anisotropy, conductivity anisotropy is the most sensitive parameter for permeability anisotropy 
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CHAPTER 1  
INTRODUCTION 
 
1.1 Background, Motivation and Objectives 
Petroleum has been one of the most important energy resources for human civilization over 150 years. 
With the progress of exploration and development technology, unconventional tight reservoirs have become 
significant components of global oil and gas supply. The term “unconventional tight reservoir” includes a 
wide variety of sedimentary rocks with fine grains, low porosity and low permeability, such as chalk, 
mudrock and shale reservoirs (Schieber et al. 1998; Passey  et al. 2010;  Horne 2013).  Besides the typical 
components of sedimentary rocks such as quartz, feldspar and carbonates, tight reservoir rocks often contain 
clays and organic matter, as well as metallic components such as pyrite. These additional components 
complicate the textures, including grain shape and sizes, grain contacts and grain orientations. As 
consequences, pore structures and flow properties of tight reservoirs, which are the focus of this thesis, are 
also influenced. 
Tight reservoir rocks often develop clay mineral alignment and depositional laminations (Kwon et 
al. 2004; Wenk et al. 2007; Kalani et al. 2015), which lead to preferential pore alignment, directionally 
dependent geomechanical and geophysical properties, and directional fluid flows in reservoirs. This 
directional dependency of properties is also referred as “anisotropy”. Anisotropic flow properties are crucial 
for successful reservoir characterization, stimulation and production. Failure to characterize anisotropic 
nature of mudrocks and shales decreases the efficiency of reservoir development, and eventually increases 
risks of reservoir economic assessment. Therefore, it is critical for petrophysicists and geophysicists to not 
only preciously describe anisotropy of unconventional tight reservoirs during exploration, but also predict 
the evolution of anisotropy continuously during reservoir development and depletion.  
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Commonly used geophysical parameters for reservoir characterization are wave velocity, wave 
attenuation and complex conductivity obtained from seismic and electromagnetic surveys. Velocity 
contains information about elastic properties, and wave attenuation is the gradual loss of wave energy 
propagating through media. Complex conductivity represents responses of material to alternating electric 
fields. Theoretical and experimental relationships between anisotropic elastic properties and mineral grain 
textures have been developed (Vernik and Nur 1992; Vernik and Liu 1997; Hornby 1998; Maldonado 2011; 
Havens 2012; Sone 2012; Sayers 2015; Panfiloff 2016). Attenuation (Johnston et al. 1979; Prasad and 
Meissner 1992; Akbar et al. 1993; Dvorkin and Nur 1993; Gelinsky and Shapiro 1996) and conductivity 
(Archie 1942; Waxman and Smits 1968; Clavier et al. 1977; Lesmes et al. 2001; Revil et al. 2013; Niu and 
Revil 2015) contain important information regarding pore geometry, fluid properties and permeability. 
Therefore, a complete characterization of anisotropies of flow properties requires comprehensive joint 
studies on velocity, attenuation and conductivity anisotropies (Carcione et al. 2007; Bachrach 2011; Han et 
al. 2011). Our understanding of joint anisotropic velocity, attenuation and conductivity in unconventional 
reservoirs suffers from a lack of reported experimental data and their correlations with physical mechanisms, 
pore structure and flow properties of mudrocks and shales under in-situ conditions.  
In this thesis, I investigate the pressure-dependent anisotropic ultrasonic (velocity and attenuation) 
and low-frequency electrical response of transverse isotropic (TI) tight reservoir rock samples under 
pressure, and discuss the influence of pore structure change on these geophysical parameters. I also expand 
the discussions to connect geophysical anisotropies with permeability anisotropy. We developed a new 
experimental apparatus that allows significantly more efficient ultrasonic and electrical anisotropy 
measurement of TI medium under pressure conditions. Validation and measurement example of this system 
are presented. Using the system, I first present separate studies on anisotropic velocity, attenuation and 
complex conductivity of tight reservoir samples to understand the physical mechanism of the parameters 
and build their relationship with the evolution of pore structure and permeability under pressure. Then I 
show joint experimental study on velocity, attenuation and conductivity anisotropy of tight samples, and 
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discuss implications of joint anisotropy analysis on pore structure and permeability anisotropy of tight 
reservoirs.  
1.2 Organization of Thesis 
This thesis includes five chapters. A brief explanation of each chapter is given as following: 
Chapter 1: presents a general introduction of thesis motivations, objectives and problems to be 
addressed.  
Chapter 2: This chapter presents a new system that allows simultaneous ultrasonic and electrical 
anisotropy measurements of TI medium under pressure. The system allows characterization of elastic and 
electrical transverse isotropy of any rock material as a function of pressure in single experiment with only 
one horizontal core plug. It improves the efficiency of experiment by 80% and reduces measurement errors 
compare to the traditional triple-plug method. Detailed design of the system is thoroughly described. The 
system is validated using standard samples and well-studied earth materials such as Berea sandstones.  
Chapter 3: focuses on the experimental study of velocity and attenuation anisotropy in fine-grained 
rocks. We report measurement results of anisotropic P- and S-wave velocities and attenuations at ultrasonic 
frequency in chalks, marls and shales as functions of confining pressure. Comparisons between velocity 
anisotropy and attenuation anisotropy show correlations with clay and organic content in clay-rich 
mudrocks. I use a so-called loss diagram to investigate physical wave attenuation mechanisms in fine-
grained rocks under pressure, and reveal effects of composition, microstructure and pore connectivity on 
attenuation mechanisms. Chapter 3 will be submitted to Geophysics Journal (Ou, L. and Prasad, M., 
Ultrasonic Velocity and Attenuation Anisotropy Measurements of Fine-Grained Rocks Under Pressure). 
Chapter 4: presents a study on complex conductivity anisotropy of tight rocks. We use chalks and 
shales to examine the influences of clay-related textures and pore structures on in-phase and quadrature 
conductivity anisotropy based on electrical double layer theory. Textural parameter tensors that control 
electrical anisotropy in mudrocks are discussed based on electrical double layer theory. Our studies of 
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conductivity anisotropy allow inferences on the evolution of pore connectivity and permeability anisotropy 
of depleting tight reservoirs. Chapter 4 will be submitted to Geophysics Journal (Ou, L., Niu Q., and Prasad, 
M., Complex Conductivity Anisotropy Measurements of Tight Reservoir Rocks Under Pressure). 
Chapter 5: presents an experimental study on joint anisotropic velocity, attenuation and electrical 
conductivity response of sandstone and tight reservoir samples under confining pressure.  We use the 
dependencies of the three geophysical parameters on pore deformation, porosity and permeability to 
develop relationships between the evolution of geophysical anisotropies and pore deformations as well as 
permeability anisotropy. Chapter 5 will be submitted to Geophysical Journal International (Ou, L., Mapeli 
C., Panfiloff, A., Niu Q., and Prasad, M., Simultaneous Velocity, Attenuation and Complex Conductivity 
Anisotropy Measurements of Tight Reservoir Rocks Under Pressure). 
Chapter 6: presents a summary of this thesis as well as suggestions and recommendations for future 
work.  
Appendix A: The first appendix provides description of elastic and electrical anisotropy tensor for 
TI materials, as background theory for Chapter 3-5. 
Appendix B: This appendix is a review of anisotropy parameters that quantify elastic and attenuation 
anisotropy. The anisotropy parameters calculations are applied in Chapter 3, 4 and 5. 
Appendix C: This appendix is part of Chapter 4. It includes detailed multi-direction velocity and 
attenuation measurement results as function of pressure, which is presented and discussed in Chapter 4. 
1.3 List of Publications 
In preparation for peer-review journal: 
1. Ou, L. and Prasad, M., Ultrasonic Velocity and Attenuation Anisotropy Measurements of Fine-
Grained Rocks Under Pressure. (Target Journal: Geophysics) 
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2. Ou, L., Niu Q., and Prasad, M., Complex Conductivity Anisotropy Measurements of Tight Reservoir 
Rocks Under Pressure. (Target Journal: Geophysics) 
3. Ou, L., Mapeli C., Panfiloff, A., Niu Q., and Prasad, M., Simultaneous Velocity, Attenuation and 
Complex Conductivity Anisotropy Measurements of Tight Reservoir Rocks Under Pressure. (Target 
Journal: Geophysical Journal International) 
Published in peer-review journal: 
1. Gu, M., Quirein, J., Murphy, E., Barraza, S.R., Ou, L. 2016. Method for Acoustic Anisotropy 
Interpretation in Shales When the Stoneley-Wave Velocity is Missing. Petrophysics, 57(02), pp.140-
155. 
Conference proceedings and abstracts: 
1. Ou, L., Prasad, M., Ultrasonic Anisotropic P-wave Attenuation of Shales under Elevated Pressures, 
Society of Exploration Geophysicits International Exposition and 86th Annual Meeting, Dallas, TX, 
16-21 October 2016.  
2. Ou, L., Niu Q., Prasad, M., Quirein, J., Mekic, N., Hou J., Far, M. E., Gu, M., Simultaneous 
Measurement of Elastic and Electrical Anisotropy of Shales under Elevated Pressure, American 
Association of Petroleum Geologists Annual Conference and Exhibition 2016, Calgary, Alberta, 
Canada, 19-22 June 2016. 
3. Ou, L., Niu Q., Prasad, M., Simultaneous Measurement of Elastic and Electrical Anisotropy of 
Shales under Elevated Pressure: A Preliminary Study, American Geophysical Union Fall Meeting 
2015, San Francisco, CA, 14-18 December 2015. 
4. Murphy, E., Barraza, S. R., Gu, M., Gokaraju, D., Far, M. E., Quirein, J., and Ou, L., New Models 
for Acoustic Anisotropic Interpretation in Shale, Society of Petrophysicists and Well-Log Analysts 




CHAPTER 2  
A NEW EXPERIMENTAL APPARATUS THAT ALLOWS SIMULTANEOUS ULTRASONIC AND 
ELECTRICAL ANISOTROPY MEASUREMENTS OF ROCK MATERIALS UNDER PRESSURE 
 
2.1 Abstract 
We present an experimental method that provides simultaneous, multi-directional ultrasonic and 
electrical experiments on cores under confining and pore pressure conditions. The new system is capable 
to characterize elastic, anelastic and electrical transverse isotropy of any rock material as function of 
pressure in single experiment and save 80% of laboratory time compare to traditional method. Sample 
availability is also largely expanded since only one sample is required, especially for measurement on 
mudrocks and shales. The system also reduces errors caused by formation heterogeneity and pressure 
hysteresis. The new system is validated using standard reference and benchmark rock samples.  
2.2 Introduction 
Unconventional tight reservoirs have gained importance in global oil and gas production. Seismic 
and electromagnetic techniques are two commonly used geophysical methods for exploration and 
production of unconventional reservoirs (Hornby 1998; Clavaud 2008; Bachrach 2011). Seismic data 
provides information including elastic moduli and attenuation, while electromagnetic technique provides 
electrical conductivity and dielectric constant (Carcione et al. 2007). The cross-property analysis of seismic 
and electromagnetic data could provide better estimates for petrophysical parameters, fluid properties, and 
production estimations of reservoirs.  
An important way of understanding seismic and electrical properties of mudrocks and shales is 
ultrasonic as well as electrical laboratory measurements under simulated in-situ formation conditions. Since 
mudrocks and shales are often considered as transverse isotropic (TI) materials, it is also important to 
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measure velocity and conductivity in anisotropic forms. In previous studies, there are only limited 
anisotropic velocity, attenuation and complex conductivity experimental data available for tight rocks under 
pressure conditions (Vernik and Liu 1997; Hornby 1998; Sone 2012; Woodruff et al. 2015). Further, the 
joint ultrasonic and electrical measurement data of mudrocks and shales under pressure conditions is rarely 
reported. 
Major reasons for this data deficiency are within the design of traditional measurement system.  As 
shown in Appendix A, stiffness and complex conductivity tensor of TI media contain five independent 
stiffness components and two independent complex conductivity components, respectively. Therefore, the 
traditional multi-plug method requires at least three sample plugs that cored parallel, 45° angle, and 
perpendicular to rock bedding plane. Due to the brittle and fragile nature of mudrocks and shale, the sample 
availability is highly restricted by difficulty of preparing “twin” cores. Moreover, the random errors of 
experiment are also increased by possible differences of physical properties in twin cores, due to common 
heterogeneity of natural earth materials. Excessive core preparation and measurement time also limit the 
practice of laboratory measurements. More importantly, it is difficult to perform joint ultrasonic and 
electrical experiment using multi-plug method. As improvement, Woodruff et al. (2015) presents a single-
plug technique that combine both acoustic and electrical multi-direction measurements. Requiring only one 
bedding-parallel cored sample, single-plug method could reduce experiment errors that three-plug 
technique encounters (Wang 2002a, 2002b). However, this design still faces problems of complicated 
preparation procedures and excessive experiment time. We still lack a laboratory system that provides 
reliable, efficient and repetitive joint multi-directional ultrasonic and electrical measurements for 
unconventional reservoir rocks. 
In this study, we develop an innovative single-plug design that allow simultaneous ultrasonic and 
electrical anisotropy measurement under confining and pore pressure. Using similar acquisition array with 
Woodruff et al. (2015), our design shortens total experiment time by 80%, and lower requirements for 
8 
 
sample conditions. We describe the method and system components in details in the following sections; the 
validation and calibration of the system is also provided. 
2.3 System Design 
Our new experiment system uses single 38.1 mm horizontal core plug (cored parallel to bedding 
plane). Figure 2.1 shows drawing of the sample and transducer arrays. Transducers used in our system are 
consisted of piezoelectric crystals and conductivity electrodes. To acquire full stiffness and conductivity 
tensor, transducers are located on plug sidewall to form acquisition directions in multiple angles to bedding. 
6 transducer groups are arranged azimuthally around sample axis, at 0º (parallel), 45º and 90º (perpendicular) 
angle to bedding plane (Figure 2.2). Ultrasonic and electrical transducers could operate separately, so the 
system can acquire solely ultrasonic or electrical data when joint measurement is not desired. 
 
Figure 2.1: Sketch of sample and transducer arrangement. The 38.1 mm diameter plug is sampled parallel 
to bedding plane from a full-scale core. Current electrodes locate on top and bottom surface of sample, 
while ultrasonic crystals and potential electrodes locate on sidewall, in 0º, 45º and 90º angle to bedding 
planes. Sketch is not to scale. 
2.3.1 Transducers 
The ultrasonic transducers are 10 mm×5 mm compressional and shear Lead Zirconate Titanate (PZT) 
gold-plated piezoelectric crystals that resonate in ultrasonic frequencies. As Figure 2.2 presents, 
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transmitters (1, 2, 3) and receivers (4, 5, 6) are symmetrical to sample axis, so that P- and S-wave propagate 
through center of cross section. Polarization direction of shear piezoelectric crystals are aligned with 
bedding plane to generate SH wave. P- and SH-wave measured at 0º, 45º and 90º angle to bedding yield 
full stiffness tensor for TI media. 
Four-electrode arrangement is used for electrical conductivity acquisition. Two brass pads (12.7 mm 
dia.× 2 mm) serve as current electrodes, and twelve 2.0 mm diameter Ag-AgCl non-polarizable pellet 
electrodes are selected as potential electrodes. Current electrodes (C1, C2) generate alternating electrical 
field in sample along sample axis, and potential electrodes (P1, P2) measures potential differences along 
axial directions at 0º, 45, and 90º angle to bedding plane. Current and potential electrodes are coupled with 
sample using Ag-AgCl paste to reduce inductive coupling effect. 
 
Figure 2.2: Top view of sample and transducer arrays. Each transducer group contains two piezoelectric 
crystals (one compressional and one shear) and two potential electrodes (Ag-AgCl pellet electrodes). 
Transducer group 1, 4 measure properties parallel to bedding plane (0º); 2, 5 measure diagonal (45º); and 
3, 6 measure perpendicular to bedding plane (90º). Sketch is not to scale. 
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2.3.2 Sample Holder 
To shorten experiment time, a pre-machined polyethylene terephthalate (PET) jacket is designed to 
replace traditional rubber and resin epoxy jacket. The jacket provides a chassis for the sensors, and creates 
a pressurized environment for sample. It encloses sample with diameter of 38.1 mm and length range of 
45.0 mm-58.0 mm. Two polycarbonate endcaps are also designed to encase current electrodes and pore 
fluid lines. Figure 2.3 shows schematic of the jacket-endcap assembly. At outer surface of the jacket 6 
substrates are lathed to support the 6 transducer groups; piezoelectric crystals are attached to plateaus on 
substrates, and electrodes are inserted into sockets to contact with sample surface. This configuration allows 
anisotropic ultrasonic and electrical data to be acquired simultaneously.  
(a)  
(b)  
Figure 2.3: (a) Lateral-view sketch of jacket, endcaps and transducers. (b) 3D schematic of jacket-endcap 
assembly without transducers.  Jacket thickness decrease from edges to center along axis to ensure pressure 
transmissibility. The seal between endcap and jacket body is created by o-rings.  
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2.4 Method Evaluation 
Validity of single-plug array on ultrasonic and electrical anisotropy measurement has been validated 
by Wang (2002a) and Woodruff et al. (2014, 2015). In evaluation of our method, this study focuses on 
validating the capability of simultaneous ultrasonic and electrical data acquisition under pressure.  
2.4.1 Calibration 
The purpose of the calibration is to determine corrections for ultrasonic wave travel time in sample. 
In the new design, wave needs to propagate through transducers as well as jacket sidewall. Due to 
compressibility of PET under pressure, it is necessary to monitor travel time corrections change throughout 
loading process. A homogeneous and isotropic aluminum plug with known velocity values is used as 
reference material. Calibration is performed over pressure range of 1.7 to 27.6 MPa (250 to 4000 psi) and 
at room temperature (≈ 21 ºC).  Table 2.1 shows the travel time of each ultrasonic transducer as function of 
confining pressure. Data suggests that above 1.7 MPa, the variation of travel time with pressure is less than 
1% for all 6 transmitter-receiver groups. Thus, only a constant correction value is required for each 
transducer during loading.  
Table 2.1: Ultrasonic compressional and shear wave velocities of standard aluminum sample as a function 
of pressure and direction using sample holder and under standard condition. Wave traveltimes between 
pressures of 1.7 MPa to 27.6 MPa are recorded at increment of 3.5 MPa (500 psi) for all 6 waves. P stands 
for compressional wave, S stands for shear wave; suffix number indicates angle between wave propagation 
direction and material foliation plane. 
Confining Pressure (Mpa) 
Measured Traveltime (μs) 
P0 P45 P90 S0 S45 S90 
Standard 5.92 5.93 5.89 12.10 12.15 12.08 
1.7 6.89 6.86 6.80 14.12 14.08 14.17 
3.4 6.85 6.79 6.78 14.20 14.05 14.10 
6.9 6.86 6.81 6.8 14.25 14.10 14.11 
10.3 6.83 6.81 6.78 14.16 14.18 14.10 
13.8 6.85 6.84 6.80 14.23 14.09 14.08 
17.2 6.84 6.84 6.80 14.27 14.15 14.08 
20.7 6.84 6.84 6.79 14.27 14.11 14.06 
24.1 6.85 6.83 6.77 14.20 14.15 14.04 




The evaluation procedure includes: 
(1) Choose homogeneous and isotropic porous material with available velocity and conductivity data in 
pressure conditions. 
(2) Prepare sample in required dimensions and fully saturate sample with known-conductivity fluid. 
(3) Measure six directional P-/S- velocities (0º, 45º, 90º) and two directional conductivities (0º, 90º) of 
the sample simultaneously under elevated pressures. 
(4) Compare and validate ultrasonic and electrical measurement results separately with existing velocity 
and conductivity data of identical material acquired from traditional apparatus. If measured results 
are consistent with published data within reasonable deviation, the elastic-electrical simultaneous 
measurement system is validated. 
Berea sandstone is selected for validation of the new system. Saturation of Berea sample is easier to 
be observed and controlled compare to shales. Also, physical properties of Berea sandstone are consistent 
and well-studied, which allows comparison of measurement results among results of different apparatuses. 
A 38.1mm diameter Berea sandstone core is collected and fully saturated with 0.01M NaCl solution. Prior 
to pressure test, bedding plane of the core is identified by ultrasonic test at benchmark conditions. Confining 
pressure and pore pressure is applied to sample-core holder assembly; confining pressure increase from 0 
to 17.2 MPa (2500 psi) in 1.7 MPa (250 psi) increments while pore pressure remains constant at 0.7 MPa 
(100 psi). 
Figure 2.4a show P- and S-wave velocities of 3 measurement directions (0º, 45º and 90º to bedding 
plane) at 1 MHz. Compare to available data measured by traditional rubber sleeves (Christensen and Wang 
1985; Prasad and Manghnani 1997), although velocity values slightly vary due to differences in sample 
porosity and composition (Table 2.2), pressure curves of our measurement results and literature data show 
high similarity (Figure 2.4b, c). Consistent /  ratios (1.7-1.8) are observed by our measurement and 
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Christensen and Wang (1985). Further comparison with study of Lo et al. (1986) suggests that similar weak 
velocity anisotropy (<5%) is detected by both single plug and triple plug method (Figure 2.4a, c).  
 
 
Figure 2.4: Velocity data as function of pressure for Berea sandstone sample (a) measured in this study 
using new system, (b) reported by Christensen and Wang (1985) and Prasad and Manghnani (1997), and 
(c) reported by Lo et al. (1986). Measurement results of this study and Lo et al. (1986) include P- and S-
wave velocities of 3 directions (0º, 45º, 90º angle to bedding plane). Prasad and Manghnani (1997) 




Table 2.2: Porosity and bulk density of Berea sandstone samples used in this study and literatures. Porosity 
is measured through Archimedes method.  












% 24.38 19.20 21.18 17.00 18.00 
Bulk density, 
g/cc 2.250 2.253 2.282 - - 
Directional complex conductivities (0º, 90º) are acquired simultaneously with velocities. Complex 
conductivity is measured by four-electrode spectral induced polarization (SIP) method, with a high-
accuracy impedance spectrometer that allows induced polarization measurement in low to high frequency 
spectrum (Zimmermann et al. 2008a, 2008b). Spread is less than 0.05 for conductance and 0.4% for phase 
angle. Apparent conductance and phase angle are recorded to calculate in-phase/quadrature conductivity 
and formation factor, as 
 ∗ = + = | |exp  (2.1) 
in which ∗ is complex conductivity,  represents the in-phase conductivity, and  represents the 
quadrature conductivity. | | is true conductivity magnitude and  is phase angle, also there is correlation = tan .  is the imaginary number. Further, formation factor is calculated as (Archie 1942) 
 =  (2.2) 
 is conductivity of pore fluid.  Figure 2.5 presents calculated formation factors of our Berea sample 
in the frequency range of 2 mHz-1 kHz, at both measurement directions. Formation factors at different 
pressures show consistent trends in frequency domain. As applied confining pressure increase, formation 
factor also increases up to 10%. The formation factors of Berea sandstone reported by Lesmes and Frye 
(2001) at identical pore fluid salinity and ambient conditions are also shown in Figure 2.5. Since sample 
used in this study is obviously less porous (Table 2), slight variations in formation factor values are expected. 





Figure 2.5: Formation factor of Berea sandstone as function of frequency and differential pressure at (a) 0º 
and (b) 90º direction to bedding plane. Samples are saturated with 0.01 M NaCl solution and measured by 
induced polarization method. Result of Lesmes and Frye (2001) is acquired under ambient conditions.  
Evaluation suggests that elastic and electrical properties on Berea sandstone measured by 
simultaneous measurement match the results reported by previous studies. The coherence validates our 
elastic-electrical simultaneous measurement system. Note that although our system is originally designed 
for measurement in 0º, 45º and 90º angle to bedding plane, measurements at more angles to foliation plane 
could be achieved by rotating sample around axis during preparation. By adding to SV-wave crystals and 
modify wave propagation path, the system also allows measurement of orthorhombic and monoclinic 
anisotropy.  
2.5 Conclusions 
A new system that offers simultaneous, multidirectional ultrasonic and electrical experiments on 
cores under simulated formation pressure conditions is presented. The system is capable to fully 
characterize acoustic and electrical anisotropy of a TI medium in a single experiment. This single-plug 
system saves laboratory time by 80% compared to separate ultrasonic and electrical experiments using 
triple-plug method, and expand availability of sample collection, which is important for brittle and fragile 
mudrock and shale samples. The validation of our system is affirmed through calibration and test-runs using 
aluminum and natural rock samples.   
16 
 
CHAPTER 3  
ULTRASONIC VELOCITY AND ATTENUATION ANISOTROPY MEASUREMENTS OF FINE-
GRAINED ROCKS UNDER PRESSURE 
 
3.1 Abstract 
Velocity and attenuation information of fine-grained rocks including chalks, mudrocks and shales is 
important for understanding of their anisotropic texture and pore structure. In this study, we measured 
pressure dependence of anisotropic P- and S-wave velocities and attenuations at ultrasonic frequencies. 
Eight samples were collected from multiple chalk and mudrock formations with a broad spectrum of 
mineralogy, organic content and texture. The anisotropic attenuation calculations were made using spectral 
ratio method on ultrasonic data acquired using a single-plug experimental setup. We find that pressure 
sensitivities of velocity, attenuation and their corresponding anisotropies are closely related to closure of 
preferential aligned microcracks. Change in velocity and attenuation anisotropy with pressure is maximum 
in the direction perpendicular to bedding. Velocity anisotropy shows consistent correlation with compliant 
material contents for all samples. Attenuation anisotropy presents similar relationship for clay-rich, organic-
rich mudrocks, but in chalks such correlation is absent. The mineralogy and texture dependency of loss 
mechanisms suggests presence of directional pore connectivity in mudrock samples, which is related to 
clay particle alignment and subparallel microcracks. The connection between directional attenuation 
mechanisms and pore preferential alignment could potentially be applied for estimation of permeability 
anisotropy evolution in depleting fine-grained tight reservoirs. 
3.2 Introduction 
Fine-grained tight reservoirs are recognized as important unconventional hydrocarbon resources. 
Among all geophysical techniques used for characterization of fine-grained tight reservoirs, the seismic 
method is best studied and most widely applied. Fine-grained rocks often display textual anisotropy due to 
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presence of clay particle alignment, cracks, and depositional layers. Textural anisotropy in fine-grained 
rocks leads to anisotropies in both elastic and anelastic properties.  
Many experimental studies and interpretations have reported correlations between anisotropic elastic 
properties and petrophysical properties of fine-grained rocks (Liu 1994; Vernik and Liu 1997; Hornby 1998; 
Rasolofosaon and Zinszner 2002; Sone 2012; Sayers et al. 2015). However, our knowledge on attenuation 
mechanisms and attenuation anisotropy in fine-grained rocks are still insufficient, especially for 
experimental study (Domnesteanu et al. 2002; Zhubayev 2016). 
Attenuation has been correlated to pore structures, porosity and permeability (Johnston and Toksoz 
1980; Klimentos and McCann 1990; Prasad and Manghnani 1997; Batzle et al. 2005). Previous studies 
showing elastic anisotropy correlation with preferential alignment of low-aspect ratio pores (Hornby 1994; 
Allan et al. 2014) motivating our investigation of whether attenuation anisotropy also correlates to pore 
alignment and directional pore connectivity. Such a correlation could potentially shed lights on permeability 
anisotropy in tight rocks. Furthermore, understanding of attenuation mechanisms in tight rocks could also 
benefit interpretation of seismic technique data, such as amplitude versus offset (AVO), due to the impact 
of attenuation and attenuation anisotropy on AVO responses (Adriansyah and McMechan 1998; Carcione 
et al. 1998; Chapman et al. 2006). 
The challenges faced in attenuation analysis of fine-grained rocks are limited supply of samples and 
variations in texture and pore structure that complicate comparison of “twin” samples. We present here our 
experimental setup that allows multi-directional acoustic measurements under elevated pressures using 
single core plugs. The samples cover a range of mineralogy, texture and pore structure. Velocity and 
attenuation anisotropy as function of pressure are discussed using Thomsen’s notation (Thomsen 1986; 
Tsvankin 1996; Zhu and Tsvankin 2006) to investigate influence of pore structure and mineral textures on 
attenuation anisotropy. Further, we investigate attenuation mechanisms in each sample group as function 
of pressure and measurement direction using loss diagrams (Winkler and Nur 1982; Meissner and Theilen 
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1983; Prasad and Meissner 1992), discuss controls of primary loss mechanisms in tight rocks, as well as 
implications on pore structure and textures.   
3.3 Experimental Method 
3.3.1 System Setup 
We acquired ultrasonic data with the pulse transmission method (for a description of the experimental 
setup, see Panfiloff 2016). To assess the velocity and attenuation anisotropy, under the assumption of 
transverse isotropic (TI) media, each collected sample needs to be measured in 3 directions to the bedding 
plane: parallel (0º), 45º angle and perpendicular (90º). This study improves a setup (Woodruff et al. 2014; 
Panfiloff 2016; Mapeli 2017) which uses a single sample plug cored parallel to the bedding plane to 
characterize anisotropy parameters of TI media. 
The main component of this improved setup is a 38.1 mm inner diameter polyethylene terephthalate 
(PET) core jacket (Figure 3.1) that seals the core from the confining fluid and provides a base for the 
transducers. The transducers used in this setup include six compressional (P-) and six shear (S-) wave 
piezoelectric crystals. The piezoelectric crystals used in this study are lead zirconate titanate (PZT) 
piezoelectric crystals (10 mm× 5 mm rectangle) with a principal frequency of 1 MHz. The P- and S-wave 
crystals are placed on the jacket sidewall as three transmitter-receiver arrays. The transmitter-receiver 
arrays are arranged radically around jacket axis to create three measurement angles with respect to sample 
bedding plane: parallel (0º), 45º angle and perpendicular (90º) (Figure 3.2). The S-wave crystals have 
polarization directions parallel to jacket cylindrical axis to generate SH-waves (polarization plane parallel 
to sample bedding plane). To effectively transfer stress from confining fluid to sample, the sidewall is 
reduced to 0.3mm at central section. Under applied hydrostatic pressure, jacket flexibility allows proper 
coupling between sample and ultrasonic crystals. 
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Figure 3.1: Schematic of new sample jacket – endcap assembly. Six plateaus are created on jacket sidewall 
through lathing to embed compressional and shear piezoelectric crystal arrays.  
 
Figure 3.2: Sample plug and transducer alignment used in this study. Bedding plane of sample is parallel 
to cylinder sidewall. Three measurement directions are required for anisotropy characterization in TI media: 
parallel to bedding, 45º and perpendicular to bedding. Preferred sample dimension is 3.81 cm dia. × 5.08 
cm.  
The sample is inserted into the jacket and sealed by two polycarbonate endcaps. Pore pressure can 
be controlled through the pore fluid lines on endcaps; in this study, samples were connected to the 
atmosphere to maintain drained conditions ( = ) during pressurization. The jacket is then placed inside 
a pressure vessel under room temperature (21 ºC - 23 ºC), and pressurized using hydraulic oil up to 28 MPa, 
with increment of 3.5 MPa and pressure rate of 0.1 MPa/min. Signal source and receiver include an 
electronic pulser and a digital storage oscilloscope. Compressional and shear wave signals were recorded 
at the end of each increment, with 45 minutes of equilibration time allowed before each acquisition.
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3.3.2 Attenuation Acquisition 
Ultrasonic velocity was determined from travel time by picking first arrival time in the waveforms. 
We used the spectral ratio method (Toksoz et al. 1979) to calculate attenuation quality factor ( ). The 
spectral ratio method estimates attenuation by comparing spectral amplitudes in the sample to those in a 
reference with negligible attenuation. In our case, we used aluminum with similar dimensions as the 
samples. The amplitudes of the plane waves in the reference and in the sample are expressed as (Toksoz et 
al. 1979): 
 =  (3.1) 
 =  (3.2) 
where subscripts 1 and 2 represent reference and sample, respectively,  is the Fourier amplitude, 
 represents influence of geometric spreading and radiation pattern,  is frequency,  is time,  is the 
wave propagation distance,  is wavenumber, and the frequency-dependent attenuation coefficient  is 
assumed to be a linear function of frequency in small frequency bands: 
 = =  (3.3)   is dissipation constant,  is the velocity, and  is the qualify factor. Combining equation 1 and 2, 
the spectral ratio is: 
 =  (3.4) 
Or  
 = − +  (3.5) 
In aluminum with a qualify factor  >150,000,  is approximately 0 (Toksoz et al. 1979). Thus, the 




Anisotropies of velocity and attenuation are determined using velocity and attenuation measured at 
0º, 45º and 90º to bedding planes. A commonly used method to describe velocity and attenuation anisotropy 
is dimensionless anisotropy parameters in Thomsen’s notation:  , ,  for velocity anisotropy (Thomsen 
1984) and , ,  for attenuation anisotropy (Zhu and Tsvankin 2006a). Please see Appendix A and B 
for detailed calculations for velocity and attenuation anisotropy.  
3.3.3 Data Uncertainty 
Errors of velocity acquisition happens during pick of first arrival time. Error of compressional and 
shear velocity due to travel time variance is 1%. A major source of error in determining qualify factor is 
due to uncertainty in sampling frequency range and slope of trendline. In our measurements, median of 
error from slope calculations is 4.5% for P-wave attenuation, and 6% for S-wave attenuation.  
A potentially significant source of uncertainty for velocity and attenuation measurement is ambiguity 
between acquiring phase or group velocities. Experimental systems with finite sample widths and 
transducer lengths mostly measure velocities values between phase and group velocity. At extreme angles 
(parallel and perpendicular to foliation plane) phase and group velocity coincide. However, in other 
propagating angles it is necessary to confirm which velocity and velocity angle are recorded, since phase 
and group velocity/angle are generally different between extreme angles (Berryman 1979; Thomsen 1986; 
Tsvankin 1996). Failure to do so could lead to unexpected error in 45º velocity and  values, and in turn 
their anisotropy characterizations near perpendicular to foliation plane direction (Zhu and Tsvankin 2004; 
Havens 2012). Plane wave lateral displacements in our system were estimated using the algorithm from 
Dellinger and Vernik (1994), based on actual sample/transducer geometry and sample velocity information. 
The lateral displacements of P- and SH-wave in our weakly-anisotropic samples do not exceed the length 
of piezoelectric crystals (10mm). Thus, we consider velocity measurements in our laboratory to be 
(approximate) phase velocity at 45º wave propagation direction. The exception happens for sample with 
strong elastic anisotropy ( , . , . ) and lower velocity (V .  km/s perpendicular to bedding), 
in which lateral displacement of P-wave could reach 13 mm. In such circumstance, we might underestimate 
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45º P-wave velocity by 5%. Propagations of these errors could lead to 45% of error in  values under certain 
conditions. Therefore, analysis of  and  needs to be based on understanding of uncertainty and 
phase/group velocity pick in each individual sample. 
For attenuation measurements specifically, group-phase angle and inhomogeneity angle are also 
potential concerns for the deviations of measured quality factors and attenuation anisotropies. Zhu and 
Tsvankin (2004, 2006b) and Behura and Tsvankin (2009) suggest that normalized group attenuation 
coefficient ( ) should be close to normalized phase attenuation coefficient ( ), and the influence of 
inhomogeneity angle is negligible for most cases. For our experimental system and samples, included angle 
between group and phase vector should create a difference less than 2% between  and . 
3.4 Samples Used 
We measured ultrasonic velocity and attenuation of eight samples from three formations: 1) upper 
Eagle Ford Chalk (Texas), 2) B Chalk & Marl of Niobrara formation Smoky Hill member (Colorado) and 
3) Upper Bakken Shale (Montana). The Upper Eagle Ford Chalk is a late Cretaceous calcareous mudstone 
(Meissner, 1991; Harbor, 2011); Niobrara B Chalk is Cretaceous chalk/marly chalk, while Niobrara B Marl 
contains organic-rich chalky marl – marl interlayers (Kamruzzaman 2015; Al-Khalifa 2016). The Upper 
Bakken Shale is a siliceous organic-rich shale formation (Smith and Bustin 2000).  
The Eagle Ford chalk samples were collected from preserved subsurface core extractions; the 
Niobrara and the Bakken samples were cored from core slabs exposed to air. Low-speed air-cooled coring 
was used to produce cylinder samples parallel to bedding planes with 38.1 mm diameter. Eight samples 
were eventually collected, and were separated into three groups (E, N and B) by their original formations. 
The three sample groups cover a wide range in lithology, mineralogy and organic content (Table 3.1); clay 
content spans from 2% to 30%, and TOC varies between 0.3 wt% and 11 wt%.  
Dominant clay minerals in our samples are illite and illite-smectite mixture. Dean-Stark extraction 
using toluene was performed on samples, and suggested our samples are partially-saturated, with fluid 
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saturations varying from 70% to 90%. All samples were then taken to study their anisotropic ultrasonic 
velocity and attenuation signatures under elevated confining pressures. 
Table 3.1: Sample mineralogy and organic content properties. The three groups of samples have distinctive 
mineral compositions and organic contents.  Clay and organic content gradually increase from E group to 






























E1 Upper Eagle 
Ford Chalk 
3.80 2.65 12 85 2 0.30 - - 
E2 4.81 2.64 2 91 4 0.33 - - 
N1 Niobrara B Chalk - 2.50 9 80 8 1.78 0.75 248 




1.75 2.44 39 12 30 7.46 0.80 283 
B2 2.02 2.35 56 12 21 9.50 0.81 385 
B3 2.36 2.34 36 14 39 10.80 0.88 321 
B4 2.21 2.33 37 22 29 11.90 0.81 345 
 Detailed clay mineral compositions (wt%) are: 
 Chlorite Kaolinite Illite/Mica Mx I/S      
E1 - - - -      
E2 - - - -      
N1 0 0 3 5      
N2 0 0 10 12      
B1 4 Tr 23 3      
B2 2 Tr 15 4      
B3 3 Tr 26 10      
B4 3 Tr 23 3      
3.5 Results 
In this section, we present velocities, attenuations and complex stiffness coefficients of all our 




The P- and SH-wave velocity measurements as function of confining pressure for all three 
measurement directions are shown in Table C.1, Table C.2 and Table C.3 of Appendix C. As anticipated, 
velocities increase with increasing confining pressure; P- and S-wave velocity show similar pressure 
responses (Figure 3.3). Most of the observed velocity change occurs below 5 MPa indicating closing of 
cracks. The velocities measured perpendicular to bedding plane have the highest velocity increase among 
three propagation directions. Velocity values are noticeably different between chalks and shales as results 
of compositional differences.  
3.5.2 Attenuation 
P- and S-wave attenuations (  and ) show larger change than velocity with elevated confining 
pressure than velocities (Figure 3.4, Table C.4, Table C.5 and Table C.6 of Appendix C). We observe that 
attenuations steadily decrease with pressure even after velocity stabilize, suggesting attenuations are more 
sensitive to rock properties changes than velocity. Similar to velocity,  and  measured 
perpendicular to bedding show larger changes than that measured parallel to bedding for our samples, 
suggesting similar influences. Bakken samples (B group) overall have highest P- and S-wave attenuations 
( ) among all three formations. However, attenuation does not appear to have clear correlations to 
mineral and organic compositions similar to corresponding velocities.  
Interestingly, high attenuation values are observed at 45º angle to bedding direction. As shown in 
Figure 3.4, this phenomenon is more obvious in Niobrara and Bakken samples. Similar observation is also 
made by Zhubayev’s (2016) measurements on Whitby shales. A possible cause for this high attenuation is 
that at 45º direction, the propagating wave is influenced by effect of intrinsic attenuation, reflections and 
refractions at interfaces of bedding layers. Numerical and analytical solutions of plane-wave propagation 
in TI media confirmed that maximum attenuation coefficient of P-wave appear at an angle slightly smaller 
than 45º when  and  have opposite signs (Zhu and Tsvankin 2006).  
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3.5.3 Complex Stiffness Coefficients 
Real and imaginary stiffness coefficients of our samples were calculated as shown in Appendix 1. 
Similar to velocity, real and imaginary components of ∗  and ∗  are also more pressure dependent than 
their ∗  and ∗  counterparts. Similarly, imaginary modulus at 90º direction are more dynamic than 0º 
direction (Figure 3.5 and Figure 3.6, respectively), possible due to closure of bedding-aligned cracks. The 
stiffness coefficients reflect compositional differences: the chalk samples (E1, E2, N1) have higher stiffness 
than the clay and organic rich samples (N2, B1-B4). However, we do not observe same behavior in 
imaginary stiffness coefficients.  
3.6 Anisotropy 
Figure 3.7 and Figure 3.8 show that similar to velocity and attenuation, velocity and attenuation 
anisotropy parameters change at low pressures up to 5 MPa, under influences of compliant cracks and pores 
closure. Beyond crack closure, attenuation anisotropies ( , , ) are noticeably more sensitive to 
pressure change than velocity anisotropies ( , , ).  
Compare the Thomsen parameters of sample groups, we find a correlation between velocity 
anisotropy and mineralogy/organic content (Figure 3.9a, b). Thomsen parameters of measured samples 
increase progressively from chalk to shale samples, consistent with increasing clay and organic contents. 
This observation could also indicate the connection between rock textural anisotropy and velocity 
anisotropy, since clay minerals and organic matters often occur as the form of laminated textures and layers 










Figure 3.3: (a) P-wave and (b) S-wave velocity as function of confining pressure at three measurement 
directions for all samples. Diamond, triangle and circle represent measurement directions that are parallel 
(0º), 45º and perpendicular (90º) to bedding plane, respectively.  Anticipated error for P- and S-wave 
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Figure 3.4: (a) P-wave and (b) S-wave attenuation (Q-1) as function of confining pressure at three 
measurement directions for all samples. Diamond, triangle and circle represent measurement directions that 
are parallel (0º), 45º and perpendicular (90º) to bedding plane, respectively.  Error bars indicate deviation 
of each Q-1 value generated by spectral ratio method. QS(90º) of E1, QS(0º) of E2, and QS of B1 and B2 








Figure 3.5: Stiffness coefficient (a) ; (b) ; (c)  and (d)  as function of confining pressure for 
the three sample groups. The values of stiffness coefficients increase from E group to N group to B group 







Figure 3.6: Imaginary stiffness coefficient (a) ; (b) ; (c)  and (d)  as function of confining 
pressure for our three sample groups. Chalks and shales could not be differentiated by the values of 










Figure 3.7: Thomsen parameters (a) , (b)  and (c)  as function of confining pressure at three 
measurement directions for three formations. E group represents Eagle Ford chalk, N group represents 
Niobrara B chalk and marl, and B group is upper Bakken shale. Relative error of  and  is 4%. Relative 










Figure 3.8: Attenuation anisotropy parameters (a) , (b)  and (c)  as function of confining pressure at 
three measurement directions for E, N and B sample groups.  of E1, E2, B1, B2 and  of E2, B1, B2 
are not shown because of the absence of required S-wave attenuation estimation.  has more uncertainty 









Figure 3.9: Clay + kerogen content versus anisotropy parameters (a) ; (b) ; (c) ; (d)  of measured 
samples at 28 MPa. Elastic and attenuation anisotropy show different relations to compliant material 
contents. Sample E1 and E2 are missing from  plot due to lack of attenuation data measured parallel and 
perpendicular to bedding, respectively. 
In contrast, the relationship between attenuation anisotropy parameters and compliant materials 
contents among our samples is more complicated (Figure 3.9c, d). For marl and shale samples which have 
compliant components content (clay and organic contents) higher than 25%, barring one outlier point, we 
observe a decent correlation between  anisotropy and clay + organic content, suggesting that laminated 
textures of illite and organic matter dominate both velocity and attenuation anisotropy in clayey, organic-
y = 0.0078x + 0.0248
R2 = 0.9509
y = 0.0097x + 0.0118
R2 = 0.8684








rich mudrocks. Similar correlation is absent in chalks, as  change rapidly among three chalk samples with 
difference in compliant components content less than 7%, and we could not differentiate chalk and shale 
samples using  and  values. Possibly, content of clay and organic matters in chalks is too low to control 
texture characteristics and attenuation anisotropies; instead, pores and cracks in carbonate skeleton plays a 
more important role. 
3.7 Attenuation Mechanisms 
Besides attenuation anisotropy, differentiating predominant attenuation mechanisms for each sample 
group and measurement directions allows us to understand texture and pore structure anisotropy. Loss 
diagrams are created in this study to investigate attenuation mechanisms in our samples through bulk and 
shear loss as function of pressure. The relation between /  and /  was first purposed by Winkler 
and Nur (1982) to study saturation of sandstone, then was developed into loss diagram by Meissner and 
Theilen (1983) and Prasad and Meissner (1992). In isotropic medium,  and  can be expressed as: 
  =  (3.6) 
 = ∙  (3.7) 
The relationship between   and  is established as 
 =   (3.8) 
And relationship between bulk ( ) and shear ( ) loss can be investigated by plotting  versus 
 . Similarly, In TI medium at parallel and perpendicular to bedding direction 
 = ∙ °°  (3.9) 
 = ∙ °°  (3.10) 
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The /  versus /  plots show the relationships between  and , as well as  and 
, and could be converted into relationship between imaginary bulk and shear modulus ( / ) for both 
0º and 90º directions. Figure 3.10 presents loss diagrams for the three sample groups in parallel (0º) and 
perpendicular (90º) to bedding plane directions as functions of confining pressure. 
Wave attenuation is a composite of multiple attenuation mechanisms: rock frame anelasticity, fluid 
flow, and scattering attenuation (Johnston et al. 1979; Matsushima 2006). At ultrasonic frequency, 
scattering attenuation is mostly induced by open fractures at low pressures (Deng et al. 2009). Rock frame 
anelasticity and fluid flow continuously affect attenuation during the loading process.  
As pressure increase, we observe that all samples (except 90º of E1 and N2) have /  decrease 
with elevated pressure (Figure 3.11), suggesting increasing influence of local flow with pressure. Pressure 
responses of velocities and attenuations (Figure 3.3 and Figure 3.5) have shown that the primary change in 
pore structure under pressure is closure of low aspect ratio pores (microcracks). Decrease of compliant pore 
spaces not only reduces frictions and scattering at pore surfaces, but more importantly reduces local flow 
length between low and high aspect ratio pores (Dvorkin et al. 1994), making local flow related attenuation 
more pressure sensitive, therefore bulk loss decays faster than shear loss during loading. Exceptions to this 
observation are 90º direction measurement results of E1 and N2, which show pressure trends opposite to 
other samples (Figure 10a, b), possible due to fracture effect in the two samples. 
As Figure 3.10 and Figure 3.11 suggest, waves propagating parallel to bedding (0º) in our samples 
tend to have lower /  ratios than waves propagating perpendicular to bedding (90º), indicating that 90º 
direction receives more influence from bulk loss than 0º direction, probably due to greater effect of local 
flow along bedding planes. This directional local flow implies that in our samples local flow paths show a 
preference along foliation plane, which could be a result of illite sheets and clay-related low-aspect ratio 





Figure 3.10: Loss diagrams of (a) E group, (b) N group, and (c) B group as function of pressure and 
measurement directions. E group represents Eagle Ford chalk, N group represents Niobrara B chalk and 
marl, and B group is upper Bakken shale. The results of each sample are shown in both parallel (0º) and 
perpendicular (90º) to bedding direction; Energy loss at 0º and 90º direction are represented by diamond 
and circle, respectively. The energy loss changes with pressure increase for shown samples are indicated 
by vertical arrows. Two reference lines are marked: =  or =  (solid line) and =  for 
both 0º and 90º direction (dash line). Result of E1 parallel to bedding (0º) and E2 perpendicular to bedding 
































Figure 3.11: Loss diagram of our samples measured at both parallel (0º) and perpendicular (90º) to bedding 
direction. The data shown in the diagram is acquired at 20 MPa. Waves propagating at 0º direction tend to 
have lower /  ratios than waves at 90º direction. Also, marl and shale samples have lower /  ratio 
than chalk samples.  
The influence of clay particles as well as clay-related pore structure on attenuation mechanisms is 
also reflected by comparison between sample groups (Figure 3.11). Regardless of potential saturation 
differences, marls and shales (N2, B3, B4, wt > %, > %)have greater shear losses than 
chalks (E1, E2, N1). The high shear loss could be contributed by illite-smectite aggregates in shale samples 
that strongly attenuate shear waves. The influence of clay grains on attenuation mechanisms is confirmed 
by Figure 3.12, where we plotted our data with dry sand grains and powder sand grains reported by Prasad 
and Meissner (1992).The powder quartz grains, which represent silt-sized particles, have higher shear loss 
than the other samples. On the other hand, the dry sand grains that represent unconsolidated clean 
sandstones have highest /  ratios. Besides influence of clay particle itself, high pore volume and multi-
scales of pore structures in illite and illite-smectite aggregates (Kuila and Prasad 2013) allow more local 






Figure 3.12: Data of measured samples in this study plotted with dry sand grains and powder sand grains 
reported by Prasad and Meissner (1992). Dry grains and powder grains could represent unconsolidated 
sandstones and clays, respectively.  
3.8 Conclusions 
We performed anisotropic ultrasonic measurements at 1 MHz on chalks, mudrocks and shales from 
Eagle Ford, Niobrara and Bakken formations under hydrostatic confining pressure. A new experimental 
setup using single core plug was applied to measure ultrasonic velocity and attenuation in TI media at 
parallel, 45º angle and perpendicular to bedding plane direction. The velocity and attenuation anisotropy 
were studied with anisotropy parameters in Thomsen’s notation. Loss diagrams were used to investigate 
energy loss mechanisms in our samples as function of pressure. Wave attenuation mechanisms of fine-
grained rocks are correlated with their mineralogy, texture and pore structures. Our study on loss 
mechanisms provides insights on pore structure alignment and pore connectivity anisotropy in fine-grained 
rocks. We find that: 
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(1) Changes of attenuation and attenuation anisotropy under elevated pressure can be inferred as closure 
of preferential aligned low aspect ratio pores or microcracks.  
(2) Velocity anisotropy parameters of fine-grained rocks correlate with the clay and organic content. 
Similar positive correlation between attenuation anisotropy and compliant components content exists 
in clay and organic-rich marls and shales. 
(3) Clay minerals are closely related to loss mechanisms of fine-grained rocks due to clay-related pore 
structures. Loss analysis suggests presence of directional pore connectivity in fine-grained rocks, 
which is contributed by clay particle alignment and subparallel microcracks.  
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CHAPTER 4  




Tight reservoirs often have textural alignments such as preferentially oriented pore system and 
mineral laminations. Understanding anisotropic electrical properties and their responses to pressure in tight 
formations is important for interpretation of pore structure anisotropies and pore deformation in tight 
reservoirs. In this study we measured directional, pressure-dependent complex conductivities on three chalk 
and shale samples. Measurement were conducted parallel and perpendicular to bedding planes. The two 
chalk samples and one shale sample have distinctive mineralogy and organic content. We measured 
anisotropic electrical properties of the three samples under elevated confining pressures using a newly 
developed experimental system that perform simultaneous multi-directional complex conductivity 
acquisition. Low-frequency complex conductivity results showed strong dependency on mudrock texture 
types.  Further examination on two textural parameter tensors, formation factor ( ) and tortuosity ( ) tensor, 
indicate that tortuosity is more sensitive to pore deformation and pore connectivity change, while formation 
factor is more sensitive to pore volume reduction. Anisotropy ratios of both  and  also suggest that 
tortuosity is more sensitive to existence of preferential oriented pore structures. Porosities obtained from  
and  suggest that deformation of intrinsic pores and change of pore connectivity in mudrock and shale are 
much more noticeable than pore volume reduction. All the results imply that combination of textural 
parameter tensors (  and ) could improve characterization of pore deformation and stress change during 




Tight reservoirs have become major sources of global oil and gas production. Due to various 
lithologies and compositions, the term tight reservoir is often used to describe sedimentary rocks with  fine 
grain, low porosity, low permeability (Schieber et al. 1998; Horne 2013; Revil et al. 2013a). Tight reservoirs 
are often observed with depositional laminations and preferential oriented pore structures; subsequent burial, 
diagenesis and maturation often lead to crack and fracture systems at both macroscopic and microscopic 
scales. The  aligned pore structures and crack systems influence textural anisotropy (Loon 2008; 
Kanitpanyacharoen et al. 2010), hydraulic properties (Sarker et al. 2004; Chalmers et al, 2012), and 
poroelastic behaviors of tight reservoirs under pressure conditions (Amanullah et al. 1994, Hasanov 2014). 
There is an interest to characterize the pore structure of tight formation, and its change under pressure 
conditions using geophysical techniques for understanding pore deformations and permeability evolution 
during unconventional reservoir production. 
Electrical measurements are important methods to characterize pore structure and poroelastic 
behavior of rock sample. Numerous previous studies have investigated formation resistivity factors and its 
relationship with porosity in porous media using in-phase/real conductivity (Archie 1942; Wyllie and 
Gregory 1953; Atkins and Smith 1961; Jackson and Smith 1978; Walsh and Brace 1984; Worthington 
1993). In clay-rich and tight formations such as marls and shales, due to the influence of surface 
conductance and mineralogical complexity, real conductivity alone is not sufficient to accurately assess 
pore volume and pore structures. Induced polarization (IP) responses are studied to understand complex 
conductivity response, which correlates to more rock intrinsic petrophysical properties including 
mineralogy, grain or pore size distribution, specific surface area and cation exchange capacity (CEC) 
(Waxman and Smith 1968;Leroy and Revil 2009; Jougnot et al. 2010; Revil and Florsch 2010; Revil 2013a; 
Weller et al. 2013; Niu and Revil 2016; Niu et al. 2016). A model was developed to describe the complex 
conductivity of clay-bearing porous materials (Revil 2012, 2013b), which describe bulk water and surface 
conductance of clayey materials using two textural parameters: formation factor and tortuosity. Furthermore, 
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an expression of complex conductivity tensor for TI materials was developed (Revil et al. 2013a; Woodruff 
et al. 2014, 2015). Formation factor and tortuosity tensor (  and ) control directional bulk water and 
surface/imaginary conductivity responses in TI materials, respectively. Investigation on complex 
conductivity pressure response as well as both textural tensors (  and ) could potentially provide a more 
complete description on pore structure and pore deformation of mudrock and shale under pressure. Also, 
for characterization of preferential oriented pore structures in tight rocks, complex conductivity 
measurements on multiple directions to foliation plane are always necessary.  
In this study, we report anisotropic complex conductivity of three samples (chalks and shales) under 
pressure. The results were measured using a newly developed experiment system for simultaneous multi-
directional spectral induced polarization (SIP) evolved from configuration of Woodruff et al. (2015). We 
discuss evolutions of electrical response and textural parameter tensors (formation factor and tortuosity) 
under pressure. Sensitivity of formation factor and tortuosity on pore deformations are investigated using 
electrical responses to pressure. Implications of formation factor and tortuosity evolution, as well as their 
anisotropy ratios on pore characteristics of our samples are discussed. We also obtained porosity of our 
samples using formation factor and tortuosity, and discuss evolution of porosity under pressure in all our 
samples. All the discussions are aimed to shed light on the potential of using  and  to characterize 
porosity evolution and pore deformation in depleting unconventional reservoirs.  
4.3 Background: Low-Frequency Complex Conductivity Theory 
With silty grain size and presence of clay minerals, describing the conductivity of tight rocks is found 
to be more complicated than of traditional reservoir rocks such as sandstones (Waxman and Smiths 1968; 
Clavier et al. 1977). Applying an alternating electric field, tight rocks are observed to present not only 
conductivity, but also a polarization effect. Therefore, the conductivity is a complex number with in-phase 
conductivity and quadrature conductivity, representing the conductivity and the polarization terms as 
(Vinegar and Waxman 1984; Slater and Lesmes 2002)  
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 ∗ = +  (4.1) 
in which  is the imaginary number,  represents the in-phase conductivity, and  represents the 
quadrature conductivity. 
Several mechanisms have been proposed to explain complex conductivity of shales, including 
electrical double layer (EDL) polarization (Schwarz 1962; Schurr 1964; Revil 2012), membrane 
polarization (Marshall and Madden 1959; Titov et al. 2002), and Maxwell-Wagner polarization at high 
frequencies (Maxwell 1881; Wagner 1914; Leroy et al. 2008).  
 
Figure 4.1: Schematic of electrical double layer (EDL) in water-saturated siliceous porous media. EDL 
contains both stern layer and diffuse layer. The stern layer is formed by low-mobility cations adsorbed to 
the surface of silica grains. The diffuse layer has a lower ion concentration than the stern layer. The stern 
layer polarizes under an alternating electrical field; in contrast, the polarization of the diffuse layer is 
negligible. 
During low frequency (10-3-103 Hz) IP measurements, the complex conductivity response is 
dominated by the bulk fluid as well as the electrical double layer (EDL) around silica grains (Leory et al. 
2008; Revil 2012). As shown in Figure 4.1 the electrical double layer consists of a layer of counterions 
adsorbed to the grain surface (i.e., Stern layer), and a second layer of counterions and anions bounded to 
the grain surface by Coulomb force, named as diffuse layer (Revil 2012; Niu and Revil 2015). At low 
frequency, the in-phase conductivity is the result of electrolytic conduction along the bulk water and grain 
surface (stern layer and diffuse layer); the quadrature conductivity caused by polarization in clay-bearing 
material is controlled by stern layer polarization (Bussian 1983; Revil et al. 2013b). Due to the high surface 
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area of clay minerals, the influence of double layer is magnified in clay-bearing materials. Leroy and Revil 
(2004, 2009) first presented a mechanistic model to describe the surface electrochemical properties of clay 
minerals. Revil (2013a, 2013b) developed a model to describe the complex conductivity of porous material 
based on material surface properties: 
 ≈ + − +  (4.2) 
 σ ≈  (4.3) 
The first term on the righthand side of Equation 4.2 represents the conductivity from bulk water, 
which is influenced by bulk water conductivity  and electrical formation factor F (Archie 1942). The 
second term of Equation 4.2 indicates that surface conductivity ( ) is affected by both diffuse and stern 
layer. Both parts are also influenced by water saturation , and Archie/surface conductivity saturation 
exponent  and , generally ≈ − . Other parameters describe the surface properties of mineral grains, 
including  and , which denote the counterion mobility in diffuse and stern layer, partition 
coefficient  that represents the fraction of counterions in Stern layer, and mineral cation exchange capacity 
(CEC). High CEC minerals, such as illite and smectite, contribute more to surface conductivity. The surface 
conductivity is also influenced by solid phase density . Moreover, Equation 4.3 suggests that quadrature 
conductivity of a porous material is solely contributed by stern layer polarization. Both in-phase and 
quadrature conductivity are influenced by pore structure parameters and surface properties of mineral grains. 
The influence of electrical double layer to overall complex conductivity response depends on the 
conductivity of bulk water and CEC of solid phases.   
In the anisotropic case, the isotropic terms of conductivities and formation factor need to be redefined 
as tensors; Revil et al. (2013a) introduced complex conductivity, formation factor and tortuosity tensor 
components (σ , σ ,  and ) to rephrase the expressions for anisotropic materials as  
 σ ≈ +  (4.4) 
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 σ ≈  (4.5) 
where  are components of formations factor tensor , =  are components of electrical 
tortuosity tensor . σ ,  and  can also be expressed as matrixes: 
 ∗ = σ∗ ⨂  (4.6) 
 = σ ⨂  (4.7) 
 ′ = σ ⨂  (4.8) 
 = ⨂  (4.9) 
 = ⨂  (4.10) 
in which  ( =1, 2, 3) are the unit vectors of references in a Cartesian coordinate system, ⨂  
represents the Kronecker product of the two matrices. In a transverse isotropic material, if we assume axis 
3 is normal to bedding lamination, the tensor components in axis 1 and 2 directions are identical, then  
and   are presented as 
 =  (4.11) 
 =  (4.12) 
,  represent formation factor, while  and  represent electrical tortuosity, parallel (in-
plane) and perpendicular (transverse) to bedding plane. In isotropic cases, electrical tortuosity τ is defined 
as = . 
Note that Equations 4.4 and 4.5 implicitly assume that the saturation is an isotropic term regardless 
of material anisotropy conditions (Revil et al. 2013a). This assumption allows using unsaturated samples 
to study electrical anisotropy across all saturation conditions because complex conductivity anisotropy is 
independent of saturation. Also, since complex conductivity anisotropy is only affected by formation factor 
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and tortuosity tensors, the anisotropy of in-phase and quadrature components should be identical (Revil et 
al. 2013a; Woodruff et al. 2014) if the assumption holds true. 
4.4 Experimental Methods 
Multidirectional complex conductivity measurements are performed on cylindrical samples in this 
study. The apparatus is composed of two major components: acquisition system and sample holder. 
Samples are confined in the sample holder and pressurized by hydraulic fluid; the confining pressure was 
precisely controlled and increased from ambient pressure to 28 MPa at room temperature. A pore fluid line 
that connects to the sample is open to atmosphere to guarantee drained conditions in the sample. In the 
following, we will present all results as functions of applied hydraulic confining pressure.  
 
(a) (b) 
Figure 4.2: (a) Longitudinal section projection of sample holder assembly: jacket sleeve, endcaps and 
transducers. (b) Jacket-endcap assembly without transducers. This setup ensures efficient and repeatable 
measurement without extra core preparation. The thickness of the jacket is reduced on the center to improve 
pressure transfer and increased on the edges to ensure durability and seal.  
4.4.1 Data Acquisition 
The electrical measurement is based on a four-electrode spectral induced polarization (SIP) method. 
The data acquisition system is a high-accuracy electrical impedance spectrometer designed and well 
described by Zimmermann et al. (2008a). The system is coupled with the sample by brass disc current 
electrodes and two Ag-AgCl pellet potential electrodes (Figure 4.2a). In the measurement, current is 
induced by the current electrodes (C1, C2 in Figure 4.3a) located at top and bottom surfaces, and the 
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potential difference between potential electrode (P1, P2 in Figure 4.3a) is recorded. Voltage passing through 
sample is set to 10 Volts to excite sufficient current density in unsaturated samples over a frequency sweep 
from 100 mHz – 45 kHz with an expected phase accuracy of 0.1 mrad and a tolerance of coupling 
impedance less than 3 kΩ (Zimmermann et al. 2008a, 2008b). The measured apparent conductance spread 
less than 0.05%, while the spread of phase angle is 0.4%. 
(a) (b) 
Figure 4.3: (a) Lateral view and (b) vertical view of a sample plug and sensor placement orientation. The 
plug is cored horizontally to the bedding plane, in the dimension of 3.81 cm dia. × 5.08 cm. In this study, 
we located sensors in two azimuths to the bedding plane: in-plane (parallel to bedding direction) and 
transverse (perpendicular to bedding direction). 
4.4.2 Sample Holder Assembly 
A sample holder is designed to apply pressure on the sample and provide a chassis for the sensors. 
Our sample jacket configuration was designed towards a major improvement of the Woodruff et al.’s setup 
(2015) that allows simultaneous multidirectional electrical measurement of horizontal cylindrical cores 
(cylindrical axis parallel with bedding plane) with a diameter of 38.1 mm and a length of 38.1 – 63.5 mm. 
Panfiloff  (2016) provides a detailed background, description and calibration.  
Figure 4.2 shows the sample holder assembly schematic which incorporates a jacket sleeve and two 
endcaps. The compliant jacket sleeve is made of polyethylene terephthalate (PET). It is a hollow cylinder 
with a length of 112.4 mm. The extruded-boss-shape sockets on the sleeve allow the electrodes to be 
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embedded radially around the axis at angles of 0° and 90° in 2 potential electrode pairs (Figure 4.2b, Figure 
4.3b). In each pair the electrodes are separated by 15.9 mm to accommodate a plateau substrate for a 
compressional and a shear piezoelectric crystal.  
Two 38.10 mm×36.00 mm reinforced polycarbonate cylindrical endcaps are designed to seal the 
sample, hold pore fluid lines and the current electrodes. Threaded openings in the endcaps allow connection 
access for a pore pressure line to control pore pressure. On the contact surface between end cap and sample, 
a cylindrical cavity houses the brass current electrode. 
Two types of electrodes are used in the assembly. the potential electrodes located on the jacket are 
Ag-AgCl sintered non-polarizable pellet electrodes (2 mm × 3mm) that meet requirements of SIP 
measurements (Jougnot et al. 2010; Woodruff et al. 2014). The brass current electrodes (15.2 mm × 2.0 
mm) are soldered to the feedthroughs in the endcaps, and are in contact with the sample. A larger contact 
area of the current electrodes increases injected current, which is crucial for measurement accuracy in low 
conductivity materials (e.g., unsaturated low-porosity rock sample). Electrodes and sample are coupled 
with Ag-AgCl mixed paste to minimize contact impedance.  
4.4.3 Measurement Protocol 
The core plug is inserted in the jacket sleeve with its bedding plane aligned with 0° and 180° potential 
electrodes. The endcaps are then inserted to touch the core end faces to guarantee pressure transmission and 
current injection. After attaching the pore fluid lines and electrical connections, the core holder assembly 
is confined in a pressure vessel filled with hydraulic oil to provide hydrostatic confining pressure for sample 
and electrical insulation for all electrical leads and connectors. A Teledyne Isco syringe pump is connected 
to the pressure vessel to regulate and monitor the confining pressure increasing from ambient to 28 MPa 
with increments of 3.5 MPa. The confining pressure is changed at a constant gradient of 0.1 MPa per minute. 
After the pressure reaches its designated value, the sample is allowed to equilibrate for 30 minutes before 
conducting any measurement. 
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After pressure equilibration, electrical measurements are performed for in-plane (parallel to sample 
bedding plane) and transverse (perpendicular to sample bedding plane) directions; apparent conductance 
and phase angle are measured in the frequency range of 100 mHz – 10 kHz. To calculate conductivity, the 
geometric factor is determined by simulation of an electric potential in each sample using finite element 
method. It should be noted that conductivity acquired by electrodes parallel to bedding planes (0º as shown 
in Figure 4.3b) are conductivity transverse to bedding plane, and vice versa. Such phenomenon is also 
known as “the paradox of anisotropy” (Maillet and Doll 1932; Gianzero 1999; Luling 2013). 
4.5 Samples 
4.5.1 Sample Description 
We measured complex conductivity of two samples from Upper Eagle Ford Chalk and one sample 
from Upper Bakken Shale. The Upper Eagle Ford formation is typically described as a late Cretaceous 
calcareous mudstone, while Upper Bakken Shale is a late Devonian and early Mississippian siliceous 
organic-rich mudstone formation (Meissner 1991; Smith and Bustin 2000; Harbor 2011).  
 The upper Eagle Ford Chalk samples came from a gas-production well located in the Comanche 
Shelf between Maverick Basin and East Texas Salt Basin. Compared to the common dark grey, organic-
rich, clay-rich Eagle Ford shale, the core has carbonate volume higher than 87% and average clay volume 
of 4%. LECO test reports total organic content of 0.3% wt.; both XRD and TOC results suggest low clay 
and low organic content mudstone. The Upper Bakken Shale sample is from a well located in the Williston 
Basin, eastern Montana, and is recognized as siliceous clayey (predominantly illite) mudrock in oil window 
(Table 4.1). 
The three 38.1 mm samples were cored horizontally to their bedding direction from the 101.6 mm 
wellbore cores. Compressed air was used as coolant during coring to avoid property change due to mineral-
fluid interaction. Plugs were precisely lathed to straight cylinder after coring. The two Eagle Ford chalk 
samples were sampled from preserved core, and the shale sample was collected from a core exposed to 
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atmosphere. Since the complex conductivity anisotropy does not alter with saturation (Revil et. al 2013), 
samples were measured in initial saturation conditions to reduce the test preparation time.  
To investigate surface properties of our samples, CEC values were estimated from sample 
mineralogy. CEC of Eagle Ford samples were calculated using weight averaging method based on CEC of 
common minerals provided by Ali and Hascakir (2017). For Bakken samples, CEC was yielded from 
correlation between CEC and mixed layer illite-smectite content in Bakken shales (Saidian et al. 2016).  
Table 4.1: Chalk and shale sample description including mineralogy, total organic carbon (TOC), bulk 
density, porosity (ϕ) and cation exchange capacity (CEC). ϕ were obtained with WRI method. CEC was 
estimated from clay content (Ali and Hascakir 2016; Saidian et al. 2016). 
Sample Formation Lithology 
Mineralogy 
TOC Bulk Density 
Φ 




   wt% wt% wt% wt% g/cc % Meq/100g 
PR22 Eagle Ford Chalk 5 88 5 0.29 2.62 5.60 0.5 
PR24 Eagle Ford Chalk 4 91 2 0.33 2.64 4.81 0.4 
P2 Bakken Shale 30 12 39 7.46 2.44 1.75 5.8 
4.5.2 Sample Fluid Properties 
Although pore fluid conductivity and saturation do not impact electrical conductivity anisotropy in 
TI media (Revil et al. 2013a), it is still helpful to understand sample fluid properties when comparing 
electrical properties between samples. Fluid saturation in each sample was determined using Dean-Stark 
extraction and WIP porosity, and salt concentration in sample fluids was detected by Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS). For ICP-MS, approximate 2.5 gram of sample was crushed and 
mixed with 500 mL of deionized water. After 24 hours of standing and precipitation, the solution was 
filtered and sent for an ICP-MS test. Results of ICP-MS were then converted to salt concentration and NaCl 
equivalent salinity in the original sample. The conductivities of original pore fluids were later determined 
by NaCl equivalent salinity. The properties of sample fluids are presented in Table 4.2.  
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Table 4.2: Fluid properties of chalk and shale samples including NaCl equivalent salinity in pore water, 
pore fluid conductivity and water saturation. NaCl equivalent salinity was converted from element 
concentration provided by ICP-MS test. Pore fluid conductivity (25 ºC) was estimated from NaCl 





Conductivity Water Saturation 
g/L S/m % 
PR22 Chalk 108.36 14.16 89 
PR24 Chalk 100.02 13.20 80 
P2 Shale 355.84 185.98 17 
4.6 Measurement Results 
4.6.1 Micro-CT Scanning 
Micro-CT with resolution of 40 μm was performed on both samples to identify textural anisotropies 
and heterogeneity. The low clay content chalk samples (PR22 and PR24) do not reveal textural lamination 
on plugs (Figure 4.4).  While both chalk cores show parallel stress-induced fractures, PR22 bears more 
developed fractures across its cylindrical axis. Micro-CT images indicate that both strong mineral 
laminations and cracks exist in the shale sample (P2). 
 
Figure 4.4: Horizontal slides of X-ray computed tomography, showing the depositional lamination and 
stress-induced fractures of (a) PR22 (chalk); (b) PR24 (chalk) and (c) P2 (shale). Slides are selected from 
middle section of plugs. The Eagle Ford chalk samples lack visible lamination. Parallel factures exist in 
PR22 and PR24 under atmosphere pressure. The shale sample develops both textural lamination and 
fracture. Fracture is aligned with lamination plane. 
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4.6.2 Complex Conductivity Responses 
Figure 4.5 shows representative in-phase conductivity response to frequency swipe at 28 MPa 
confining pressure. Although the bandwidths are different, we observe a frequency-independent band in 
the in-phase conductivity curve of each sample. In this frequency band, in-phase conductivities are 
insensitive to frequency due to the dominant influence of EDL polarization. Above 1000 Hz in-phase 
conductivity starts to increase with frequency explicitly, due to increasing impact of other polarization 
effects. On the other hand, quadrature conductivity as function of frequency in three samples are plotted in 
Figure 4.6. Frequency dependency of quadrature conductivity is observed above 10 Hz in all three samples. 
Compare to chalk samples, P2 exhibits a narrower frequency-independent band, as well as a more dynamic 
magnitude at high frequencies (>1 kHz).  
Complex conductivity data measured at 5 Hz frequency are presented in Appendix D. Figure 4.7 
shows pressure responses of in-phase and quadrature conductivity in chalk samples at 5 Hz. For in-phase 
conductivity, monotonic decrease with increasing confining pressure is observed (Figure 4.7a, b). Most of 
pressure dependency in in-phase components is observed along the bedding plane direction, suggesting that 
pores along the bedding direction are more compliant to pressure. In-plane conductivity of chalk samples 
(PR22, PR24) decrease by approximately 80% from ambient condition to 28 MPa, with over 80% of the 
changes occurring at low pressure (below 5 MPa). This trend suggests pore compliance of chalk samples 
being most sensitive to the early stage fracture closure.  On the other hand, due to low clay content and lack 
of surface charge site, magnitudes of quadrature conductivity are less than in-phase conductivity by an 
order of 2 (Figure 4.7c, d). While being more dynamic to pressure than in-phase conductivity, the majority 
of change in quadrature conductivity happens before 10 MPa. 
Similar to two chalk samples, the shale sample P2 shows signature of fracture closure at low pressure 
(Figure 4.8). As expected, quadrature conductivity in clayey samples plays a more important role to overall 
electrical response. Figure 4.8 also implies higher pore compliance in P2 than PR22 and PR24, as we 
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observe that conductivity magnitude of P2 continues decreasing gradually after fracture closure pressure. 
In-plane and transverse direction both show considerable magnitude change in conductivity.  
 
Figure 4.5: Log in-phase conductivity (a) PR22 (chalk); (b) PR24 (chalk) and (c) P2 (shale) as a function 
of frequency at confining pressure of 28 MPa. Red diamonds denote log quadrature conductivity of in-plane 
direction (parallel to bedding plane); blue dots represent conductivity at transverse direction (normal to the 
bedding plane). Both chalk samples (PR22 and PR24) show a frequency plateau between 0.1 Hz to 1000 





Figure 4.6: Log Quadrature Conductivity of (a) PR22 (chalk); (b) PR24 (chalk) and (c) P2 (shale) as a 
function of frequency at confining pressure 28 MPa. Quadrature conductivity is more sensitive to frequency 
compared to in-phase conductivity. Red diamonds denote log quadrature conductivity of in-plane direction 
(parallel to the bedding plane); blue dots represent conductivity at transverse direction (normal to the 





Figure 4.7: In-phase ( ) and quadrature ( ) conductivity of chalk samples (PR22 and PR24) as a function 
of confining pressure. (a)(b) In-phase components show that majority pressure sensitivity happens in the 
in-plane direction. In-plane components exhibit clear two-regime curves with pressure, with the change of 
slope happening at 3.4 MPa. (c)(d) Quadrature components share a similar regime with corresponding in-




Figure 4.8: (a) In-phase ( ) and (b) quadrature ( ) conductivity of the shale sample (P2) as functions of 
confining pressure. Magnitudes of both in-plane and transverse component decrease during loading. In-
phase conductivities are relatively more sensitive to pressure than quadrature conductivities for both in-
plane and transverse directions.  
4.7 Discussions 
4.7.1 Textural Parameter Tensors 
Textural parameter tensors (  and ) are calculated from measured complex conductivity and sample 
properties, including water saturation, water conductivity and grain surface properties. Following Equation 
4.4 and 4.5, formation factor tensors and tortuosity tensors are calculated from in-phase and quadrature 
components of complex conductivity, respectively.  
Figure 4.9 presents evolution of formation factor and tortuosity tensor components of the samples 
under increasing confining pressure. Having lower porosity and more complex mineralogical contents, 
sample P2 has both a higher formation factor as well as a higher tortuosity than both chalk samples. 
Compared to in-plane textural parameters (  and ),  and  show more magnitude differences 
between the two lithologies.  
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(a)    
(b)    
Figure 4.9: Log formation factor and tortuosity tensor components of the three samples measured at (a) in-
plane and (b) transverse directions. Formation factor and tortuosity of two chalk samples (PR22 and PR24) 
are influenced by fracture closure at initial pressure stages, particularly in in-plane direction. Such influence 
is absent in sample P2.  
Overall, formation factor and tortuosity components show distinguished preferences to sample 
texture and measurement directions. As Figure 4.9a shows, for in-plane direction specifically,  always 
changes more than  in chalk samples PR22 and PR24 where cracks close under low pressure 
(|∆ ||∆ |=0.78 for PR22, 0.89 for PR24). However, when the effect of crack closure is not dominating, 
for example for all three samples above 3 MPa, the change of  is always significantly larger than  
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(|∆ ||∆ |>7). It implies that  and  are closely related to change of pore space in samples. Compare to 
,  is related more to the existence of thin cracks in samples and is less sensitive to pore compaction 
beyond crack-closure pressure. That is to say,  correlates more to pore deformation and change of pore 
connectivity than volumetric pore space reduction. 
 Regarding transverse direction, in both chalk samples  does not tend to increase with loading at 
all (|∆ log | < . ), while   also shows most of its increase before fracture closure pressure 
(Figure 4.9b). Both  and  in shales suggest that change of pore volume in chalk samples is caused by 
closure of subparallel thin cracks. In comparison,  and  of the shale sample both exhibit pressure 
sensitivity , while the difference in pressure sensitivity between  and  is less than  and   
( |∆ ||∆ | =2), suggesting that in sample P2 while pores being aligned to the foliation plane, pore 
deformation under pressure happens both parallel and perpendicular to bedding planes.  
4.7.2 Porosity Evolution 
Porosity in our samples as obtained from formation factor and tortuosity tensors using correlation = . Figure 4.10 shows porosity reductions of three samples with increasing confining pressure. 
Porosity values obtained from conductivity are higher than WRI results since pore space in kerogen was 
not captured by WRI method. From 2 MPa to 28 MPa, porosity reductions of our samples reach 40% of 
their original conducting porosity for PR22 & PR24, and 66% for P2. Obviously, pore volume of the shale 
sample is noticeably more compliant than chalks. Also, this pore volume change yielded from electrical 
textural parameters  and  indicates that deformation of intrinsic pores and change of pore connectivity in 
tight rocks due to pressure are more significant than observation of elastic properties, which is typically 
less than 15% (Allan 2016; Woodruff et al. 2015). Therefore, tortuosity which is more sensitive to pore 
connectivity and pore shape change, could be a useful parameter to monitor pore deformation and stress 




Figure 4.10: Pressure response of porosity derived from formation factor and tortuosity tensor in-plane 
components (  and ). The arrows indicate direction of porosity reduction. 
4.8 Anisotropy of Textural Parameters 
The anisotropy ratios of formation factor and tortuosity are obtained by following equations: 
 =  (4.13) 
 could represent either formation factor ( ) or tortuosity ( ) at transverse and in-plane direction. 
Figure 4.11 compares anisotropies of the two textural parameters between all three samples. In all the three 





is significant in P2, in which anisotropy of tortuosity is higher than formation factor anisotropy by 275%. 
This implies that such discrepancy between  and  anisotropy ratio relates with subparallel pore structures 
and clay particle laminations in the sample.  
  
 
Figure 4.11: In-phase and quadrature conductivity anisotropy ratios of (a) PR22; (b) PR24 and (c) P2 with 
increasing confining pressure. P2 has higher anisotropy than both chalk samples. Also, anisotropies of 
formation factor and tortuosity in P2 continue to increase with pressure till 20 MPa, while anisotropy 
magnitudes in PR22 and PR24 show declining trends during loading. The change of tortuosity anisotropy 
in PR22 above 20 MPa is likely to be a result of stress-induced cracks created during loading. 
The shale sample (P2) presents significantly higher anisotropy ratios than the two chalk samples. 
Anisotropies in PR22 and PR24 are responsive to pressure change primarily due to fracture closure. 
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Formation factor and tortuosity anisotropies of the shale sample (P2) increase with confining pressure, 
which is results of compaction of depositional laminations and realignment of clay particles (Revil et al 
2013a; Woodruff et al. 2015). Also, the increase of  anisotropy is noticeably greater than  anisotropy. 
Since we showed that  is sensitive to pore connectivity and pore deformation, this difference in change of 
anisotropy ratio indicates that pores in the shale sample deform direction-dependently under stress. As 
suggested by Kozeny (1927) and Carman (1937), the permeability of reservoir rock that is composed of a 
bundle of capillary tubes is negatively correlated with flow tortuosity. Therefore, increasing tortuosity 
anisotropy of the shale sample implies that permeability anisotropy in clay-rich shales is likely to also 
increase under elevated pressures.  
4.9 Conclusions 
In this study we performed low-frequency directional complex conductivity on three chalk and shale 
samples under confining pressure. We described anisotropic electrical responses to increasing confining 
pressure, and interpreted evolutions of textural parameter tensors, including formation factor and tortuosity 
tensor. The implications of textural parameters anisotropy on rock texture and pore deformations were also 
discussed. Major conclusions of this study include: 
(1) We observed that textures of our samples are recognized by distinctive complex conductivity pressure 
curves. Crack-dominated texture in the chalk samples could be identified by their two pressure regime. 
Laminated texture in the shale sample leads to a more linear conductivity regime with increasing 
pressure.  
(2) Formation factor and tortuosity are two textural parameters that closely relate to pore characteristics in 
mudrock. Pressure responses suggest that tortuosity is more sensitive to pore deformation and pore 
connectivity change, and formation factor is more sensitive to pore volume reduction. From the distinct 
 and  pressure curves we could speculate the difference in pore structure and pore deformation 
between our chalk and shale samples.  
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(3) Investigation on anisotropy ratio of  and  suggests that in the clay-laminated shale sample, electrical 
anisotropy increase with pressure due to direction-dependent pore deformation. Shale samples tend to 
have realignment of clay particles and pore structures along foliation plane, therefore show increasing 
tortuosity anistropy and permeability anisotropy with pressure. 
All the discussions above suggest that tortuosity is a more sensitive parameter for preferential pore 
alignment and directional pore deformation in mudrock and shale than formation factor. Also, porosities 
obtained from  and  suggest that deformation of intrinsic pores and change of pore connectivity in tight 
rocks due to pressure are much more significant than pore volume reduction observed by elastic properties. 
Therefore, monitoring tortuosity tensor and quadrature conductivity response could improve 
characterization of pore deformation and stress change in depleting mudrock reservoirs. 
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CHAPTER 5  
SIMULTANEOUS ULTRASONIC AND ELECTRICAL ANISOTROPY MEASUREMENTS OF 
TIGHT RESERVOIR ROCKS UNDER PRESSURE 
 
5.1 Abstract 
Unconventional tight reservoirs have gained importance in global oil and gas production. Tight 
formations often develop anisotropic textures, resulting in direction-dependent pore connectivity and 
permeability. Characterization of permeability anisotropy in tight reservoirs requires joint studies on 
anisotropies of multiple geophysical parameters under pressure. In this study we present an experimental 
study on joint anisotropic velocity, attenuation and electrical conductivity responses of sandstone and tight 
reservoir samples under confining pressure. Results show that small pores and microcracks (mesopores) 
show greater deformation under pressure than macropores, therefore are the primary source of pore 
connectivity change in both sandstones and tight rocks. Attenuation and complex conductivity are always 
more sensitive to pore connectivity than velocity. Our investigation on anisotropies suggests that trends of 
permeability anisotropy are strongly connected to formation texture, as shale tends to have increasing 
permeability anisotropy with pressure, which is opposite to chalk sample. Among the velocity, attenuation 
and conductivity anisotropies, imaginary conductivity shows strongest relationship with directional pore 
connectivity and permeability anisotropy. Therefore, conductivity anisotropy would be a suitable parameter 
for permeability anisotropy assessment and stress monitoring for unconventional tight reservoirs. 
5.2 Introduction 
Importance of unconventional tight reservoirs for oil and gas production has gained over the years. 
Porosity and permeability are essential for assessment and development of tight reservoirs. During 
deposition and diagenesis, tight formations, including chalks, mudrocks and shales, often develop 
anisotropic textures. As results, pore connectivity and permeability in tight formations present anisotropic 
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nature, also pore deformations under pressure variation behave direction-dependently (Adams et al. 2016; 
Armitage et al. 2011; Bhandari et al. 2015; Sarout and Guéguen 2008). For geophysical description of pore 
structure and permeability anisotropy in depleting reservoirs, it is necessary to investigate connections 
between geophysical parameters and flow properties.  
Wave velocity, wave attenuation and electrical complex conductivity are widely used geophysical 
parameters obtained from seismic and electromagnetic surveys. Experimental studies on elastic properties 
of tight formations have reported correlations between anisotropic velocity and rock textures (Vernik and 
Liu 1997; Hornby 1998; Rasolofosaon and Zinszner 2002; Sayers et al. 2015; Sone and Zoback 2013). 
Wave attenuation is closely related to pore structure, porosity and permeability (Akbar et al. 1993; Batzle 
et al. 2005; Gelinsky and Shapiro 1996; Zhubayev et al. 2015). Regarding electrical properties, besides the 
studies on conductivity and its relationship with transport properties (Archie 1942; Atkins and Smith 1961; 
Bussian 1983; Revil et al. 2014; Revil and Florsch 2010; Waxman and Smith 1968), there are also models 
and experimental data that suggest relationship between complex conductivity anisotropy and pore structure 
anisotropy (Revil et al. 2013; Woodruff et al. 2014). Although velocity, attenuation and conductivity as 
well as their anisotropies all show connections to anisotropies of  texture and flow properties, single 
geophysical parameter could not provide enough constraints for interpretation and modeling of anisotropy 
in unconventional reservoirs (Bachrach 2011). Comprehensive interpretation on anisotropic velocity, 
attenuation and conductivity is important to fully comprehend pore structure and direction-dependent 
permeability in tight reservoirs. Our understanding of joint velocity, attenuation and conductivity 
characterization suffers from a lack on joint experimental data in tight reservoirs.  
In this study, we present an experimental study on joint anisotropic velocity, attenuation and 
electrical conductivity responses in tight reservoir samples under confining pressure. A sandstone sample 
was measured first to study dependencies of the three geophysical parameters on pore deformation, porosity 
and permeability changes. Then we performed joint measurements on chalk and shale samples to investigate 
implications of pressure responses of the parameters on tight sample pore structures and evolution under 
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pressure. We also discuss relationships between evolution of geophysical anisotropies and pore 
deformations in tight reservoirs. The results of our study shed lights on monitoring permeability anisotropy 
evolution as well as stress changes in depleting tight reservoirs using rock physics methods.  
5.3 Samples 
Samples used in this study include both conventional sandstone and unconventional tight rock 
samples. One outcrop Berea sandstone sample BB-H3 with good porosity and permeability was collected. 
Regarding tight reservoir rocks, 1 chalk core (PR24) was collected from upper Eagle Ford formation, and 
1 shale core (P2) was collected from upper shale member of Bakken formation. The Berea sandstone sample 
show an isotropic nature visually, while chalk and shale sample present sign of crack alignment and mineral 
lamination through CT scan (Figure 5.1). Both tight rock samples were cored horizontal to foliation planes.  
X-ray diffraction was performed on adjacent sample pieces to obtain mineralogy, and organic contents was 
obtained using LECO method (Table 5.1).  
 
Figure 5.1: Horizontal slides of CT-scan on chalk and shale samples. (a) PR24 shows stress-induced 
fractures and rather homogeneous, isotropic matrix. (b) P2 has both heavily-laminated texture and fracture 
parallel to foliation plane. 
Sandstone sample was then fully saturated using NaCl solution with conductivity of 0.12 S/m. 
Sample PR24 and P2 were kept in original conditions; the fluid saturations of PR24 and P2 were later 
obtained using Dean-Stark extraction, and their pore water salinity as well as conductivities were acquired 
by Inductively coupled plasma mass spectrometry (ICP-MS) method (Table 5.2).  
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BB-H3 Sandstone 17.7 2.64 - 91 1 8 
PR24 Chalk 4.81 2.64 0.33 2 91 4 
P2 Shale 1.75 2.44 7.46 39 12 30 
Table 5.2: Fluid properties of measured samples including pore fluid conductivity and water saturation. 
Fluid conductivity (25ºC) of BB-H3 was directly measured by conductivity meter. Pore fluid conductivities 
of PR24 and P2 were estimated from concentrations of cations in fluids, which were provided by ICP-MS 
test. The fluid saturations of PR24 and P2 was determined by Dean-Stark extraction.  
Sample Lithology 
Fluid 
Conductivity Water Saturation Oil Saturation 
S/m % % 
BB-H3 Sandstone 0.12 100 - 
PR24 Chalk 13.20 80 11 
P2 Shale 185.98 17 76 
5.4 Experimental Methods 
5.4.1 Joint Measurement System 
We designed our measurement system to perform simultaneous ultrasonic and electrical 
measurements under confining and pore pressure. For this purpose, a pre-machined polyethylene 
terephthalate (PET) jacket is designed to provide a chassis for the sensors and create a pressurized 
environment for sample. It encloses sample with diameter of 38.1 mm, and length range of 45.0 mm – 58.0 
mm. Two polycarbonate endcaps are also designed to encase current electrodes and pore fluid lines. Figure 
5.2 shows schematic of jacket-endcap assembly. At outer surface of jacket 6 substrates are lathed to support 
the 6 transducer groups; piezoelectric crystals are attached to plateaus on substrates, and electrodes are 
inserted into sockets to contact with sample surface.  
 Figure 5.3a shows drawing of sample and transducer arrays. Transducers used in our system are 
consisted of ultrasonic crystals and conductivity electrodes. To acquire full stiffness and conductivity tensor, 
transducers are located on plug sidewall to form acquisition directions in multiple angles to bedding. 6 
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transducer groups are arranged azimuthally around sample axis, at 0º (parallel), 45º and 90º (perpendicular) 




Figure 5.2: (a) Lateral-view sketch of jacket, endcaps and transducers. (b) 3D schematic of jacket-endcap 
assembly without transducers.  Jacket thickness decrease from edges to center along axis to ensure pressure 
transmissibility. The seal between endcap and jacket body is created by o-rings. 
The ultrasonic transducers are 5 mm×5 mm compressional and shear Lead Zirconate Titanate (PZT) 
gold-plated piezoelectric crystals that resonate in ultrasonic frequencies. As Figure 5.3b presents, 
transmitters (1, 2, 3) and receivers (4, 5, 6) are symmetrical to sample axis, so that P- and S-wave propagate 
through center of cross section. Polarization direction of shear piezoelectric crystals are aligned with 
bedding plane to generate SH wave. P- and SH-wave measured at 0º, 45º and 90º angle to bedding yield 
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full stiffness tensor for TI media. Four-electrode arrangement is used for electrical conductivity acquisition. 
Two brass pads (12.7 mm dia.× 2 mm) serve as current electrodes, and twelve 2.0 mm diameter Ag-AgCl 
non-polarizable pellet electrodes are selected as potential electrodes. Current electrodes (C1, C2) generate 
alternating electrical field in sample along sample axis, and potential electrodes (A, B) measures potential 
differences along axial directions at 0º and 90º angle to bedding plane (Figure 5.3a).  
 
(a)  (b) 
Figure 5.3: (a) Lateral sketch of sample and transducer arrangement. The 38.1 mm diameter plug is sampled 
parallel to bedding plane from a full-scale core. Current electrodes locate on top and bottom surface of 
sample, while ultrasonic crystals and potential electrodes locate on sidewall, in 0º, 45º and 90º angle to 
bedding planes. (b) Top view of sample and transducer arrays. Each transducer group contains two 
piezoelectric crystals (one compressional and one shear) and two potential electrodes (Ag-AgCl pellet 
electrodes). Transducer group 1, 4 measure properties parallel to bedding plane (0º); 2, 5 measure diagonal 
(45º); and 3, 6 measure perpendicular to bedding plane (90º). 
5.4.2 Ultrasonic Measurements 
Velocity of our samples were acquired by pulse transmission technique at 1 MHz frequency.  An 
electronic pulse generator and digital phosphor oscilloscope were used as wave transmitter and receiver. 
We recorded waveforms of P- and SH-waves for all three measurement directions. Sample velocities were 
acquired by first-arrival pick. Quality factors ( ) were obtained using spectral ratio method (Johnston and 
Toksöz 1980), by comparing waveforms between sample and no-attenuative aluminum reference.  
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5.4.3 Electrical Measurements 
We selected low-frequency spectral induced polarization (SIP) method with four-electrode setup to 
measure complex conductivity of our samples. A high-accuracy electrical impedance spectrometer 
designed by Zimmermann et al. (2008a, 2008b) was selected for data acquisition. In-phase and quadrature 
component of complex conductivity were calculated by (Vinegar and Waxman 1984) 
 ∗ = + = | |exp  (5.1) 
 = tan ≅  (5.2) 
In which ∗ is complex conductivity,  and  are in-phase and quadrature component of complex 
conductivity, respectively.  represents imaginary number. | |  and  represent measured conductivity 
magnitude and phase angle.  
5.5 Joint Measurement Results 
5.5.1 Sandstone 
Joint ultrasonic and electrical response was measured on BB-H3 under fully-saturated conditions. 
Differential pressure increases from 3.4 MPa to 20.7 MPa with constant 0.7 MPa pore pressure. As expected, 
P- and S- wave velocities of BB-H3 increase with pressure as a result of structural change in sample (Figure 
5.4a). Velocity values present an exponential trend, suggesting that change of rock structure slows down 
after 10 MPa. Attenuations show a conflicting pressure curve, which indicates that attenuation decreases 
linearly with pressure, which seems to infer that changes of pore structure continue to high differential 
pressure (Figure 5.4b).  
Low-frequency complex conductivity of BB-H3 acquired simultaneously with ultrasonic data 
confirmed observation of attenuation. As shown in Figure 5.5, both in-phase and quadrature conductivity 
of BB-H3 show a relatively linear decreasing trend with pressure from 3.4 MPa to 20.7 MPa. Considerable 





Figure 5.4: P- and S-wave (a) velocity and (b) attenuation of sample BB-H3. Changes of velocities decrease 
above 10 MPa, however both P- and S-wave attenuations decrease linearly with pressure consistently to 
end of loading. 
 
(a) (b) 
Figure 5.5: (a) In-phase and (b) quadrature conductivity of sample BB-H3 at frequency of 5 Hz. Both 
conductivities decrease linearly with pressure. Quadrature conductivity shows greater change ratio than in-
phase conductivity. 
5.5.2 Tight Reservoir Rocks 
Chalk and shale samples were both measured under original saturation conditions. Both samples had 
confining pressure increased from 0 MPa to 28 MPa under drained condition ( = ). Velocities were 
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acquired parallel (0º), 45º and perpendicular (90º) to foliation plane, and complex conductivities were 
acquired parallel and perpendicular to foliation plane to acquire full VTI stiffness coefficient and 





Figure 5.6: P- and S-wave velocities of sample PR24 (chalk) and P2 (shale) as function of confining 




Figure 5.6 shows that compare to BB-H3, velocities of chalk (PR24) and shale (P2) samples are less 
sensitive to pressure. We observe some velocity changes in the chalk (PR24) as results of fracture closure. 
Velocities of the shale (P2) show only minor increases. P-wave attenuations of the two samples have 
noticeably more pressure dependency than velocities (Figure 5.7). The shale sample (P2) presents a more 
linear decreasing trend with pressure than the chalk sample (PR24). 
 
(a) (b) 
Figure 5.7: P-wave attenuation ( ) of sample PR24 (chalk) and P2 (shale) as function of confining 
pressure. Changes of attenuations with pressure are noticeably more dynamic than corresponding velocities. 
Figure 5.8 suggests that complex conductivities of two tight samples have pressure dependency 
comparable to attenuation. Complex conductivities of both chalk and shale samples have larger overall 
changes than velocities. For chalk sample, primary changes in conductivities occur at parallel to bedding 
direction as results of fracture closure, while both in-phase and quadrature conductivity of shale sample (P2) 







(c)  (d) 
Figure 5.8: (a) In-phase and (b) quadrature conductivity of sample PR24 and P2 as function of pressure at 
frequency of 5 Hz. Conductivities of both samples are more sensitive to pressure than corresponding 
velocities.  
5.6 Implication on Pore Structure 
For assessment of pore structure evolution during loading, we first measured gas porosity and 
permeability of BB-H3 under confining pressure after joint ultrasonic and electrical measurement. Figure 
5.9 suggests that both porosity and permeability decrease linearly with pressure up to 20.7 MPa, which is 





Figure 5.9: (a) Effective porosity and (b) Permeability of sample BB-H3 as function of pressure. Porosity 
and permeability were measured by Helium pressure decay technique. Both parameters decrease with 
pressure in linear trends. 
 
(a) (b) 
Figure 5.10: (a) In-phase and (b) Quadrature conductivity of sample BB-H3 as function of frequency and 
pressure. Quadrature conductivities show that peak frequencies shift to low frequency with increasing 
confining pressure, suggesting that influence of surface area of small pores decrease with pressure. 
The change of complex conductivity in frequency domain reveals more information regarding pore 
deformation in sandstone sample. Figure 5.10 show that while in-phase conductivity does not show 
significant frequency dependency, dominant peak frequencies could be observed for quadrature 
conductivities. With pressure increases, we observe a shift of peak frequency to lower bands. Since 
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relaxation time is closely related to pore size distribution (Florsch et al. 2014; Niu and Revil 2015; Revil et 
al. 2014), this shift suggests deformation of small pores and microcracks with increasing pressure is greater 
than larger diameter pores. We speculate that the pore volume reduction of small pores and microcracks 
under pressure does not have major impact on velocity, however are important to attenuation, complex 





Figure 5.11: In-phase and Quadrature conductivity of sample (a) PR24 (chalk) and (b) P2 (shale) as function 
of frequency and pressure. Quadrature conductivities of our tight samples lack peak frequencies similar to 
sandstone sample. 
Laboratory measurement of gas porosity and permeability under pressure is always a problem for 
tight formations (Cui et al. 2009; Neuzil 1994; Tinni et al. 2012). Also due to complex mineralogy and pore 
75 
 
structure, conductivities of our tight rock samples do not present dominant peak frequency (Figure 5.11). 
Instead, N2 gas adsorption was introduced to investigate pore structure differences in the two fine-grained 
samples. Figure 5.12 suggests that the shale sample (P2) has slightly smaller pore radius in the range of 1-
10 nm than the chalk sample (PR24). More importantly, Density Function Theory (DFT) method indicates 
that chalk and shale sample have porosity of 1.85% and 1.71% respectively in the range of 1-100 nm pore 
radius. Since WIP technique suggests 4.81% and 1.75% porosity in chalk and shale samples respectively 
(Table 5.1), we infer that macropores ( >  ) and mesopores ( < <  ) both exist in the chalk 
sample (Kuila and Prasad 2013; Sing et al. 1985), while pore structures of shale sample are controlled by 
small pores and microcracks (mesopores).  
 
Figure 5.12: log ⁄  representation of pore size distribution (PSD) for our chalk and shale samples. PSD 
was acquired by N2 adsorption technique. Shale sample show a smaller radius than chalk sample. 
Under influence of mesopores, both tight reservoir samples have greater change ratios of complex 
conductivity and attenuation than sandstone sample, as shown in Figure 5.4-Figure 5.8. Such difference in 
pore size distribution could also be observed through porosity evolution. Figure 5.13 presents pressure 
curves of porosities calculated from in-phase and quadrature conductivity (Revil 2013; Revil et al. 2013; 
Woodruff et al. 2015). Porosity values of sandstone sample (BB-H3) are consistent with helium porosity 
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result. However, porosities of chalk and shale samples show decrease ratio of 40%, which is not only 
significantly more than sandstone sample, but also exceeds realistic pore volume reduction during 
compaction of tight formations (Sarout and Guéguen 2008). This could only be explained by closure of 
small pores and microcracks during compaction, as they are critical for pore connectivity and tortuosity. 
Therefore, wave attenuation, complex conductivity and permeability of tight reservoir rocks are highly 
sensitive to pressure variations.  
 
Figure 5.13: Porosity of measured samples calculated from complex conductivity responses as function of 
pressure. Porosity evolution of sandstone sample corresponds well with gas porosity. Priority changes of 
chalk and shale samples are exaggerated by reduction of small pores and pore connectivity. 
5.7 Anisotropy 
Ultrasonic velocity and attenuation anisotropy of our tight rock samples are characterized in 
Thomsen’s notations (Thomsen 1986; Tsvankin 1996; Zhu and Tsvankin 2006). We also define in-phase 
and quadrature conductivity anisotropy ratios in correspondence with Thomsen’s notation: 
 A =  (5.3) 
 A =  (5.4) 
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A  and A  represent in-phase and quadrature conductivity anisotropy ratio, respectively. ,  
and ,  are in-phase and quadrature conductivity measured parallel and perpendicular to bedding plane. 
Velocity, attenuation and complex conductivity anisotropies as function of pressure for the two samples are 
shown in Table 5.3. 
Table 5.3: Measured ,  and in-phase and quadrature conductivity anisotropy parameters ( A ,  A ) of sample PR24 (chalk) and P2 (shale).  
Sample Confining Pressure   A  A  
















13.8 0.054 -0.256 0.097 0.259 
17.2 0.039 -0.339 0.069 0.625 
20.7 0.037 -0.248 0.075 0.334 
24.1 0.034 -0.074 0.053 0.502 
27.6 0.035 -0.090 0.105 0.598 
P2 
(Shale) 
0.0 0.336  18.80  
1.7   8.84  
3.4   6.31 15.66 
6.9 0.323  10.45 21.40 
10.3 0.322 -0.303 12.87 26.24 
13.8 0.327 -0.308 12.87 25.24 
17.2 0.325 -0.212 13.50 25.24 
20.7 0.320 -0.115 13.66 27.97 
24.1 0.317 -0.175 12.33 31.83 
27.6 0.317 -0.232 10.62 28.92 
Figure 5.14 presents P-wave velocity anisotropy of the chalk (PR24) and the shale (P2) samples as 
function of pressure, which clearly suggest differences of intrinsic anisotropy in the two samples. Majority 
of elastic anisotropy in the chalk sample are contributed by crack systems, as  is less than 0.1 beyond 5 
MPa. In comparison, considerable intrinsic elastic anisotropy still exists in shale sample under high 
differential pressure. In both samples, pressure sensitivity of  is very limited above fracture-closure 
pressure, suggesting again that velocity is not sensitive to closure of mesopores. On the other hand, Figure 
5.15 suggests that attenuation anisotropies are noticeably more dynamic than elastic anisotropy, as  for 
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both samples decrease 60% from 10 to 20 MPa. Also, in the shale sample  starts to increase at 20 MPa 
due to one fracture parallel to bedding being induced by hydrostatic pressure; velocity anisotropy fails to 
record such fracture growth. 
 
Figure 5.14: P-wave velocity anisotropy ( ) of chalk and shale sample as function pressure.  of both 
samples are relatively unresponsive to pressure except influence of fracture closure. 
 
Figure 5.15: P-wave attenuation anisotropy ( ) of chalk and shale sample as function pressure.  of both 
samples are noticeably more pressure dependent than . 
The differences in textural anisotropy between chalk and shale samples are more significant when 
investigating through complex conductivity. As shown in Figure 5.16, in-phase and quadrature conductivity 
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anisotropy of the shale sample are higher than the chalk sample by 10 times, indicating that depositional 
laminations greatly enhance preferential pore alignment and directional pore connectivity. Since low-
frequency quadrature conductivity anisotropy is controlled by sample tortuosity tensor and pore surface 
properties (Revil et al. 2013; Woodruff et al. 2014), it shows a higher value than in-phase conductivity 
anisotropy. This suggests that permeability anisotropy (A ) in laminated tight formations could be easily 
underestimated by velocity and attenuation measurements. Also, the shale sample shows increase in 
complex conductivity anisotropies during loading, which is a result of clay particle realignment and 
preferential pore closure. This preferential pore closure also suggests increase in permeability anisotropy 
with pressure.  
 
Figure 5.16: (a) In-phase and (b) Quadrature conductivity anisotropy of chalk and shale sample as function 
pressure. Conductivity anisotropies of shale sample increase with pressure, while conductivity anisotropies 
of chalk show decreasing trends. 
The changes of , , A  and A  in our chalk and shale sample are summarized in Figure 5.17. In 
the chalk sample, small pores and microcracks (mesopores) only compose a small portion of porosity. As 
pressure increases, mesopores subparallel to foliation plane are most prone to closure, leading to 
conductivity and permeability parallel to foliation plane decreasing faster than perpendicular direction. 
Hereby, anisotropies of conductivity and permeability greatly decrease (Figure 17b). On the other hand, 
velocity anisotropy is relatively unresponsive to pressure. Attenuation anisotropy has larger decrease than 
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velocity anisotropy, due to decrease of reflecting surfaces on perpendicular to foliation bedding direction, 
and reduction of fluid flow in the sample.  
The shale sample presents a different scenario. As pressure increases, microcracks are re-oriented 
towards parallel to foliation plane direction, and further increase the conductivity anisotropy as well as 
permeability anisotropy. As results of closure of microcracks subparallel to bedding, velocity and 
attenuation anisotropy of the shale sample still decrease in correspondence to the chalk sample. This 
suggests that in laminated samples anisotropies of velocity and attenuation do not reflect increasing 
tendency of permeability anisotropy. Complex conductivity anisotropy, especially quadrature conductivity 
anisotropy which strongly correlates with tortuosity tensor, is more important regarding estimation of 
permeability anisotropy in tight reservoirs.  
 
Figure 5.17: Schematic for evolution of anisotropies and pore structures in our chalk and shale sample. (a) 
In original sample before pressurization, shale sample has more subparallel microcracks and small pores 
than chalk sample. (b) Under pressure, pore volume of small pores and microcracks in both sample decrease 
greater than macropores. Pores in shale sample tend to be realigned parallel to foliation plane.  Evolution 
tendencies of velocity, attenuation, conductivity and permeability anisotropies in chalk and shale sample 
are shown in table. 
5.8 Conclusions 
We performed joint ultrasonic and electrical experiments on sandstone, chalk and shale using 
simultaneous ultrasonic and electrical anisotropy measurement system. Our results show that attenuation 
and complex conductivity are always more pressure sensitive than velocity. Study on pore structure 
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evolution of sandstone sample suggests that closure of small pores compose majority of porosity reduction 
during compaction. The deformation of small pores is important to evolution of attenuation, conductivity 
and permeability, however could not be effectively detected by velocity measurements. As mesopores 
(small pores and microcracks) play important roles in pore structure of tight reservoir rocks, attenuation 
and conductivity measurement are essential for monitoring pore deformation and stress change in depleting 
tight reservoirs. 
Depending on differences in rock texture, permeability anisotropy evolution could show completely 
opposite trends in tight reservoirs. Clay-laminated shale tends to have increasing permeability anisotropy 
with pressure, while in sample that lacks lamination and preferential pore orientation permeability 
anisotropy will decrease with pressure. Compare to attenuation and conductivity anisotropy, velocity 
anisotropy lacks sensitivity to changes in pore structures. Among the three anisotropy parameters (A , , 
), conductivity anisotropy, especially imaginary conductivity, shows strongest relationship with 
preferential pore alignment and directional pore connectivity. Therefore, conductivity anisotropy would be 
an ideal parameter for permeability anisotropy assessment, especially for unconventional tight reservoirs. 
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CHAPTER 6  
CONCLUSIONS AND RECOMMENDATIONS 
 
The main objective of this thesis was to provide an understanding on physical mechanisms governing 
velocity, attenuation, complex conductivity and their anisotropies in tight reservoir rocks. The experimental 
data allows us to explore connections between anisotropies of rock physics parameters and evolution of 
pore structure. Such connections are crucial for characterization of textural and flow anisotropy of depleting 
unconventional tight reservoirs using joint elastic, viscoelastic and electrical properties. This study achieved 
the objectives in several steps:  
 A new simultaneous ultrasonic and electrical anisotropy laboratory measurement system was 
designed and proved to solve problems encountered by traditional experiments.  
 Using the new system, I investigated individual physical mechanisms and controlling factors for 
velocity, attenuation and complex conductivity anisotropy of tight rocks separately. This provides a 
good foundation for joint ultrasonic and electrical characterization on pore deformation and 
permeability evolution. 
 Joint velocity, attenuation and conductivity measurement results on sandstone provide correlations 
between rock physics parameters and pore deformation as well as permeability change in a well-
studied sample. We then extend the investigation into tight reservoir rocks to investigate pore 
deformation and evolution of permeability anisotropy of two representative tight formations which 
have with distinct textures and pore structures: chalk and organic-rich shale. 
Detailed conclusions of studies are presented in 6.1. Recommendations regarding future work are 




Ultrasonic Velocity and Attenuation Anisotropy of Find-Grained Rocks (Chapter 3) 
 Changes of attenuation and attenuation anisotropy under increasing pressure can be inferred as 
closure of low aspect ratio pores or microcracks. Both velocity and attenuation have highest change 
rates with pressure at perpendicular to bedding direction.  
 Velocity anisotropy parameters of mudrock and shale samples correlate well with sample clay and 
kerogen content. Similar positive correlation between attenuation anisotropy and compliant 
components content exists in illite and organic-rich marl and shale samples. Attenuation anisotropy 
in chalk samples is not dominated by clay and organic textures. 
 Clay minerals are closely related to loss mechanisms of mudrocks due to clay-related pore structures. 
Loss analysis suggests presence of directional pore connectivity in tight samples, which is 
contributed by clay particle alignment and subparallel microcracks. 
Complex Conductivity Anisotropy of Tight Rocks (Chapter 4) 
 We observed that textures of our samples are recognized by distinctive complex conductivity 
pressure curves. Crack-dominated texture in the chalk samples could be identified by their two 
pressure regime. The laminated texture in the shale sample leads to a more linear conductivity 
regime with increasing pressure. 
 Formation factor (  and tortuosity ( ) tensor are two textural parameter tensors that closely relate 
to pore characteristics in mudrock. Pressure responses suggest that tortuosity is more sensitive to 
pore deformation and pore connectivity change, and formation factor is more sensitive to pore 
volume reduction. From the distinct  and  pressure curves we could speculate the difference in 
pore structure and pore deformation between our chalk and shale samples.  
 Investigation on anisotropy ratio of  and  suggests that in the clay-laminated shale sample, 
electrical anisotropy increase with pressure due to direction-dependent pore deformation. Shale 
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samples tend to have realignment of clay particles and pore structures along foliation plane, therefore 
show increasing tortuosity anisotropy and permeability anisotropy with pressure. 
 Tortuosity is a more sensitive parameter for preferential pore alignment and directional pore 
deformation in depleting tight reservoirs than formation factor. Also, deformation of intrinsic pores 
and change of pore connectivity in mudrocks due to pressure are much more significant than pore 
volume reduction observed by elastic properties. Monitoring tortuosity tensor and quadrature 
conductivity response could improve characterization of pore deformation and stress change in 
depleting mudrock reservoirs. 
Joint Velocity, Attenuation and Complex Conductivity Anisotropy Characterization of Tight 
Reservoir Rocks Under Pressure (Chapter 5) 
 Closure of small pores and microcracks (mesopores) compose majority of porosity reduction during 
compaction. The deformation of mesopores is important to evolution of attenuation, conductivity 
and permeability, however could not be effectively detected by velocity measurement. 
 Clay-laminated shale tends to have increasing permeability anisotropy with pressure, while in 
sample that lacks such lamination and preferential pore orientation permeability anisotropy will 
decrease. 
 Compare to attenuation and conductivity anisotropy, velocity anisotropy lacks sensitivity to changes 
of pore structures. Among the three anisotropy parameters (A , , ), conductivity anisotropy, 
especially imaginary conductivity, shows strongest relationship with preferential pore alignment and 
directional pore connectivity. Conductivity anisotropy would be an ideal parameter for permeability 
anisotropy assessment, especially for unconventional tight reservoirs. 
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6.2 Recommendations for Future Work 
Our learnings from this study help us to furtherly understand anisotropy of tight reservoirs through 
rock physics properties. In this section I would like to introduce some expanded questions  whose 
investigation was beyond the scope and limit of this PhD thesis. 
 The laboratory we designed is capable of ultrasonic and electrical anisotropy experiments under 
pressure. This system greatly improves efficiency of measurement compare to traditional method. 
However, half-exposed design of transducers in our system increase possibility of pressure damage 
and hydraulic fluid contamination, thus decrease measurement success rate and increase 
maintenance time and cost of system. Modification of a fully enclosed transducer system is 
recommended. 
 In this study we studied acoustic velocity and attenuation anisotropy using measurements from three 
directions: parallel, 45º angle and perpendicular to bedding planes. Since curves of both velocity as 
well attenuation as function of measurement angle have largest curvature near 45º, there is always 
debate on whether three-direction setup would bring extra errors for calculations of , ,  and 
. For future studies, measurement on more directions, for example at 30º and 60º angle to bedding, 
are recommended to test accuracy of 45º measurement. 
 Study on attenuation mechanisms implies a connection between attenuation anisotropy and 
directional pore connectivity. Unfortunately, due to lack of permeability data for our fine-grained 
rock samples, this study does not directly establish correlation between attenuation anisotropy and 
permeability anisotropy. A joint ultrasonic-permeability measurement is recommended to 
experimental confirm implications. On the other hand, caution needs to be taken when extrapolating 
attenuation anisotropy in seismic frequency bands using our learnings on ultrasonic attenuation 
anisotropy. 
 Our knowledge on physical principles of complex conductivity in clay and organic-rich materials is 
still limited due to complexity of mechanisms across frequency bands. Study on dielectric properties 
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could potentially provide a better description of pore structures of tight rocks in frequency domain. 
More investigation on aligned pore structures of porous minerals, including surface area changes 
with stress and possible anisotropy of surface areas and conducting porosity will also be helpful for 
better understanding of complex conductivity response of tight formation rocks under in-situ 
conditions. 
 For both seismic as well as electromagnetic surveys, cautions need to be taken when applying 
conclusions in this thesis to field survey. Regarding wave velocity and attenuation, the primary risk 
is due to frequency dependency of ultrasonic wave properties. More investigations are still required 
to connect velocity and attenuation at seismic frequencies (< 100 Hz) to those at ultrasonic 
frequencies (≈ 1 MHz). Due to resolution limit to electromagnetic survey, there are difficulties to 
apply low-frequency field survey data to monitoring of fluid flow and pore structure in formation-
scale objectives. On the other hand, high-frequency log data might be more suitable for production 
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APPENDIX A  
ELASTIC AND ELECTRICAL TENSOR OF TI MEDIA 
 
This appendix includes description of elastic and electrical tensor for TI media. elastic anisotropy of 
TI media is described as stiffness tensor with 5 independent components using Voigt notation. Set x3 to be 
sample symmetry axis, the tensor is written as 
 =  (A.1) 
in which = − .  are stiffness coefficient, and are derived from measured velocities as 
 = °  (A.2) 
 = 9 °  (A.3) 
 = 9 °  (A.4) 
 = °  (A.5) 
 = − + [ ° − + ][ ° − + ] (A.6) 
 and  represent P- and SH-wave velocities of wave propagating in angle  to bedding 
planes ( = ° for propagation along bedding plane). SH-wave is shear wave with polarization plane 
parallel to sample bedding plane.  Five P- and SH-wave velocities are required for calculation of stiffness 
tensor.  
Conductivity tensor for TI material could be expressed by similar notation. In cartesian coordinate 
system, assuming x3 as symmetry axis, conductivity tensors are presented as (Revil et al. 2013) 
 =  (A.7) 
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where  and  represent in-phase and quadrature conductivity. To be more specific, for in-phase 
conductivity 
 =  (A.8) 
and for quadrature conductivity 
 ′ =  (A.9) 
Since complex conductivity ∗ = + , then tensor for complex conductivity would be 
 ∗ = ∗ ∗ ∗  (A.10) 
Two independent coefficients exist in each tensor. Therefore, description of conductivity tensors 
requires measurements of conductance magnitude and phase angle parallel and perpendicular to bedding, 
as 
 =    (A.11) 
 =    (A.12) 





APPENDIX B  
ELASTIC AND ATTENUATION ANISOTROPY OF TI MEDIA 
 
This appendix introduces characterization method of elastic and attenuation anisotropy of TI media 
in Thomsen’s notation. Stiffness tensor of TI media is presented in Appendix A. The elastic anisotropy 
could be expressed by three Thomsen parameters (Thomsen 1986), calculated from stiffness coefficients: 
 =  (B.1) 
 =  (B.2) 
 =  (B.3) 
 and  represent the differences between 0º and 90º measured velocities of P- and SH-waves;  
determines the second derivative of P-wave phase velocity at near-vertical direction. 
Attenuation of TI media could also be described by Voigt notation, in the form of quality factor ( ) 
matrix (Zhu and Tsvankin 2006). Each  element is defined as: 
 =  (B.4) 
Equation 17 shows that quality factor is the ratio of real ( ) and imaginary ( ) stiffness 
coefficient.  and  are two components consist of complex stiffness coefficient in viscoelastic media: 
 = +  (B.5) 
For TI media,  and  have similar matrix structure. The quality factor matrix has similar 
structure with stiffness tensor (Zhu and Tsvankin 2006): 
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 =  (B.6) 
Where  
 =  (B.7) 
The  matrix also has five independent elements; the five elements could be calculated from P- and 
SH-wave attenuations estimated parallel (0º), 45º angle and perpendicular (90º) to beddings: 
 = °  (B.8) 
 = 9 °  (B.9) 
 = 9 °  (B.10) 
 = °  (B.11) 
 = = °° °°  (B.12) 
Zhu and Tsvankin (2006) defined three dimensionless anisotropy parameters to describe attenuation 
anisotropy of TI media, similar to Thomsen’s notation for velocity anisotropy: 
 =  (B.13) 
 =  (B.14) 
 =  (B.15) 
Similar to velocity Thomsen parameters,  and  relate to fractional differences between 
attenuation coefficients in 0º and 90º directions of P and SH-wave, respectively.  relates to angular 




APPENDIX C  
ANISOTROPIC VELOCITY AND ATTENUATION MEASUREMENT RESULTS  
 
This appendix includes measurement results for all three groups of samples, both velocity and quality 
factor, as functions of pressure and measurement directions. The following data is discussed in Chapter 3. 
Table C.1: Velocity data of Eagle Ford samples (E group) as function of confining pressure. ,  
represent P- and SH-wave velocity measured at directions of 0º (parallel), 45º and 90º (perpendicular) to 
bedding plane. Absolute error for  is 2%, and 5% for . 
Sample Confining Pressure ° ° ° ° ° ° 
 MPa km/s km/s km/s km/s km/s km/s 
E1 
0.0 5.813 5.761 5.752 3.370 3.250 3.221 
1.7 5.907 5.829 5.801 3.370 3.318 3.262 
3.4 5.915 5.840 5.873 3.414 3.318 3.268 
6.9 5.915 5.858 5.881 3.453 3.359 3.301 
10.3 5.944 5.887 5.884 3.462 3.364 3.301 
13.8 5.967 5.894 5.894 3.472 3.376 3.292 
17.2 5.978 5.894 5.894 3.484 3.381 3.322 
20.7 5.993 5.898 5.903 3.509 3.392 3.322 
24.1 6.024 5.905 5.925 3.511 3.393 3.327 
27.6 6.110 5.931 5.943 3.513 3.394 3.333 
E2 
0.0 5.845 4.041 3.822 3.090 2.978 2.214 
1.7 - - - - - - 
3.4 5.906 5.598 4.204 3.090 3.135 - 
6.9 5.884 5.642 5.522 3.150 3.149 2.947 
10.3 5.891 5.713 5.597 3.158 3.150 2.948 
13.8 5.921 5.748 5.626 3.223 3.181 2.967 
17.2 5.921 5.808 5.701 3.231 3.203 2.978 
20.7 5.936 5.825 5.729 3.235 3.216 2.987 
24.1 5.936 5.861 5.742 3.241 3.223 2.994 





Table C.2: Velocity data of Niobrara B facies samples (N group) as function of confining pressure. ,  
represent P- and SH-wave velocity measured at directions of 0º (parallel), 45º and 90º (perpendicular) to 
bedding plane.  
Sample Confining Pressure ° ° ° ° ° ° 
 MPa km/s km/s km/s km/s km/s km/s 
N1 
0.0 4.928 4.237 3.734 2.864 2.668 2.546 
1.7 4.931 4.692 4.202 2.897 2.775 2.590 
3.4 4.933 4.749 4.298 2.892 2.780 2.608 
6.9 4.954 4.773 4.371 2.912 2.809 2.619 
10.3 4.983 4.834 4.412 2.930 2.815 2.626 
13.8 4.993 4.851 4.443 2.941 2.819 2.626 
17.2 4.993 4.831 4.456 2.943 2.831 2.629 
20.7 5.023 4.863 4.456 2.950 2.837 2.640 
24.1 5.039 4.869 4.466 2.947 2.849 2.654 
27.6 5.079 4.869 4.479 2.956 2.860 2.656 
N2 
0.0 4.861 3.865 3.414 2.839 1.941 1.929 
1.7 4.910 4.356 4.066 2.920 2.641 2.507 
3.4 4.910 4.405 4.135 2.930 2.674 2.576 
6.9 4.902 4.413 4.157 2.946 2.686 2.588 
10.3 4.930 4.422 4.174 2.941 2.700 2.599 
13.8 4.927 4.448 4.179 2.946 2.694 2.603 
17.2 4.935 4.478 4.192 2.955 2.708 2.605 
20.7 4.933 4.476 4.205 2.955 2.714 2.606 
24.1 4.943 4.489 4.222 2.952 2.720 2.605 





Table C.3: Velocity data of Bakken shale samples (B group) as function of confining pressure. ,  
represent P- and SH-wave velocity measured at directions of 0º (parallel), 45º and 90º (perpendicular) to 
bedding plane.  
Sample Confining Pressure ° ° ° ° ° ° 
 MPa km/s km/s km/s km/s km/s km/s 
B1 
0.0 4.581 3.922 3.542 2.746 2.519 2.056 
6.9 4.617 3.957 3.599 2.820 
 
2.218 
10.3 4.624 3.976 3.606 2.826 
 
2.226 
13.8 4.644 3.988 3.610 2.827  2.228 
17.2 4.648 3.988 3.619 2.828  2.234 
20.7 4.650 3.976 3.630 2.822  2.240 
24.1 4.650 3.985 3.637 2.824  2.247 
27.6 4.655 3.999 3.642 2.823  2.254 
B2 
0.0 4.569 3.854 3.565 2.767 2.410 2.187 
1.7 4.574 3.884 3.580 2.783 2.454 2.191 
3.4 4.576 3.954 3.591 2.822 2.475 2.193 
6.9 4.585 3.952 3.605 2.826 2.462 2.192 
10.3 4.605 3.977 3.624 2.838 2.466 2.202 
13.8 4.619 3.977 3.630 2.853 2.470 2.215 
17.2 4.617 3.993 3.634 2.867 2.479 2.218 
20.7 4.628 4.000 3.638 2.876 2.494 2.218 
24.1 4.644 4.014 3.647 2.881 2.500 2.223 
27.6 4.644 4.027 3.661 2.906 2.530 2.232 
B3 
0.0 4.432 3.438 2.450 2.710 2.306 1.729 
1.7 4.459 3.739 3.300 2.743 2.316 1.912 
3.4 4.461 3.745 3.305 2.752 2.319 1.924 
6.9 4.457 3.754 3.310 2.794 2.321 1.917 
10.3 4.468 3.777 3.329 2.801 2.316 1.924 
13.8 4.483 3.793 3.339 2.829 2.326 1.929 
17.2 4.485 3.802 3.349 2.839 2.329 1.936 
20.7 4.491 3.819 3.356 2.855 2.333 1.941 
24.1 4.502 3.828 3.364 2.860 2.338 1.944 
27.6 4.504 3.839 3.388 2.860 2.340 1.945 
B4 
0.0 4.384 3.650 2.600 2.643 2.280 1.642 
1.7 4.425 3.739 3.317 2.664 2.283 1.937 
3.4 4.425 3.751 3.325 2.669 2.289 1.949 
6.9 4.438 3.764 3.350 2.675 2.296 1.957 
10.3 4.444 3.767 3.372 2.689 2.298 1.975 
13.8 4.444 3.794 3.370 2.684 2.305 1.977 
17.2 4.450 3.797 3.394 2.690 2.309 1.986 
20.7 4.450 3.808 3.405 2.700 2.310 1.987 
24.1 4.471 3.820 3.417 2.706 2.312 1.994 





Table C.4: Quality factors of Eagle Ford samples (E group) as function of confining pressure. ,  are 
P- and SH-wave qualify factor measured at directions of 0º (parallel), 45º and 90º (perpendicular) to bedding 
plane. Average absolute error for Q is 5.7%. 
Sample Confining Pressure ° ° ° ° ° ° 
 MPa       
E1 
1.7 - - - - 0.0820 0.1333 
3.4 0.0236 0.0283 0.0248 - 0.0658 0.1389 
6.9 0.0222 0.0227 0.0287 - 0.0220 0.0917 
10.3 0.0195 0.0182 0.0211 - 0.0149 0.0217 
13.8 0.0167 0.0174 0.0203 - 0.0090 0.0191 
17.2 0.0121 0.0138 0.0174 - 0.0072 0.0131 
20.7 0.0119 0.0134 0.0156 - 0.0054 0.0085 
24.1 0.0097 0.0103 0.0134 - 0.0039 0.0061 
27.6 0.0080 0.0082 0.0110 - 0.0031 0.0047 
E2 
3.4 0.0495 0.1786 0.0690 0.0236 0.1163 - 
6.9 0.0202 0.0870 0.0189 0.0118 0.0386 - 
10.3 0.0157 0.0218 0.0141 0.0084 0.0209 - 
13.8 0.0075 0.0143 0.0100 0.0083 0.0144 - 
17.2 0.0066 0.0107 0.0100 0.0068 0.0106 - 
20.7 0.0066 0.0093 0.0088 0.0064 0.0086 - 
24.1 0.0065 0.0078 0.0070 0.0078 0.0072 - 





Table C.5: Quality factors of Niobrara samples (N group) as function of confining pressure. ,  are P- 
and SH-wave qualify factor measured at directions of 0º (parallel), 45º and 90º (perpendicular) to bedding 
plane.  
Sample Confining Pressure ° ° ° ° ° ° 
 MPa       
N1 
1.7 0.0117 0.1136 0.1020 - 0.0116 0.0185 
3.4 0.0064 0.0585 0.0289 0.0020 0.0068 0.0126 
6.9 0.0034 0.0165 0.0078 0.0017 0.0043 0.0056 
10.3 0.0026 0.0120 0.0055 0.0017 0.0032 0.0033 
13.8 0.0027 0.0091 0.0050 0.0018 0.0032 0.0032 
17.2 0.0025 0.0079 0.0047 0.0019 0.0035 0.0031 
20.7 0.0026 0.0082 0.0045 0.0020 0.0038 0.0029 
24.1 0.0029 0.0078 0.0043 0.0018 0.0037 0.0029 
27.6 0.0024 0.0078 0.0043 0.0017 0.0043 0.0028 
N2 
1.7 0.0092 0.0383 0.0259 0.0069 0.0076 0.0495 
3.4 0.0063 0.0248 0.0099 0.0076 0.0049 0.0179 
6.9 0.0063 0.0132 0.0072 0.0075 0.0038 0.0120 
10.3 0.0060 0.0095 0.0067 0.0074 0.0032 0.0077 
13.8 0.0059 0.0085 0.0062 0.0070 0.0035 0.0075 
17.2 0.0057 0.0075 0.0061 0.0065 0.0036 0.0068 
20.7 0.0059 0.0075 0.0061 0.0065 0.0036 0.0066 
24.1 0.0057 0.0069 0.0060 0.0063 0.0037 0.0064 





Table C.6: Quality factors of Bakken samples (B group) as function of confining pressure. ,  are P- 
and SH-wave qualify factor measured at directions of 0º (parallel), 45º and 90º (perpendicular) to bedding 
plane.  
Sample Confining Pressure ° ° ° ° ° ° 
 MPa       
B1 
10.3 0.0211 0.0372 0.0302 - - - 
13.8 0.0204 0.0334 0.0294 - - - 
17.2 0.0180 0.0283 0.0228 - - - 
20.7 0.0166 0.0253 0.0188 - - - 
24.1 0.0150 0.0233 0.0181 - - - 
27.6 0.0112 0.0202 0.0146 - - - 
B2 
1.7 0.0575 0.0397 - - - - 
3.4 0.0179 0.0352 0.0286 - - - 
6.9 0.0117 0.0297 0.0190 - - - 
10.3 0.0115 0.0230 0.0158 - - - 
13.8 0.0106 0.0192 0.0149 - - - 
17.2 0.0094 0.0147 0.0122 - - - 
20.7 0.0088 0.0154 0.0110 - - - 
24.1 0.0084 0.0187 0.0099 - - - 
27.6 0.0102 0.0180 0.0117 - - - 
B3 
1.7 0.0148 0.0413 0.0360 0.0128 0.0322 0.0370 
3.4 0.0136 0.0350 0.0183 0.0104 0.0319 0.0152 
6.9 0.0112 0.0318 0.0130 0.0096 0.0265 0.0138 
10.3 0.0091 0.0240 0.0121 0.0085 0.0213 0.0135 
13.8 0.0074 0.0229 0.0107 0.0082 0.0174 0.0117 
17.2 0.0066 0.0216 0.0103 0.0083 0.0162 0.0114 
20.7 0.0065 0.0222 0.0102 0.0085 0.0170 0.0115 
24.1 0.0064 0.0215 0.0093 0.0084 0.0170 0.0113 
27.6 0.0067 0.0208 0.0095 0.0086 0.0173 0.0109 
B4 
1.7 0.0150 0.0299 0.0386 0.0134 0.0153 0.0183 
3.4 0.0126 0.0267 0.0162 0.0139 0.0127 0.0142 
6.9 0.0111 0.0234 0.0112 0.0135 0.0113 0.0133 
10.3 0.0087 0.0211 0.0090 0.0134 0.0107 0.0132 
13.8 0.0082 0.0229 0.0082 0.0126 0.0104 0.0128 
17.2 0.0079 0.0207 0.0077 0.0124 0.0097 0.0116 
20.7 0.0082 0.0222 0.0081 0.0119 0.0102 0.0116 
24.1 0.0082 0.0211 0.0078 0.0115 0.0101 0.0122 





APPENDIX D  
ANISOTROPIC COMPLEX CONDUCTIVITY MEASUREMENT RESULTS  
 
This appendix includes measurement results for complex conductivity of the three samples as 
functions of pressure and measurement directions. The conductivities shown below are acquired at 5 Hz 
frequency. The following data is discussed in Chapter 4. 
Table D.1: Complex conductivity data of sample PR22 (chalk) as function of confining pressure and 
measurement direction. The conductivities shown are acquired at 5 Hz frequency. 
Confining 
Pressure 
In-phase Conductivity Quadrature Conductivity 
In-plane Transverse In-plane Transverse 
MPa S/m S/m S/m S/m 
0.0 6.250E-02 1.469E-02 8.390E-04 7.483E-05 
0.3 5.349E-02 1.542E-02 8.818E-04 6.094E-05 
1.7 2.912E-02 1.616E-02 2.116E-04 2.621E-05 
3.4 2.254E-02 1.579E-02 1.535E-04 2.160E-05 
6.9 1.895E-02 1.569E-02 1.258E-04 2.762E-05 
10.3 1.792E-02 1.542E-02 9.916E-05 5.162E-05 
13.8 1.717E-02 1.519E-02 1.189E-04 7.875E-05 
17.2 1.675E-02 1.515E-02 1.388E-04 8.094E-05 
20.7 1.643E-02 1.514E-02 1.320E-04 6.699E-05 
24.1 1.608E-02 1.499E-02 1.699E-04 6.499E-05 





Table D.2: Complex conductivity data of sample PR24 (chalk) as function of confining pressure and 
measurement direction. The conductivities shown are acquired at 5 Hz frequency. 
Confining 
Pressure 
In-phase Conductivity Quadrature Conductivity 
In-plane Transverse In-plane Transverse 
MPa S/m S/m S/m S/m 
0.0  8.555E-03 9.849E-04 1.001E+00 
0.3 4.236E-02 8.672E-03 2.197E-01 1.001E+00 
1.7 1.275E-02 7.099E-03 9.889E-01 9.994E-01 
3.4 1.017E-02 7.209E-03 9.885E-01 9.958E-01 
6.9 9.155E-03 7.138E-03 9.867E-01 9.909E-01 
10.3 8.670E-03 7.304E-03 9.877E-01 9.902E-01 
13.8 7.981E-03 7.278E-03 9.875E-01 9.891E-01 
17.2 7.798E-03 7.293E-03 9.846E-01 9.898E-01 
20.7 7.773E-03 7.231E-03 9.828E-01 9.862E-01 
24.1 7.632E-03 7.246E-03 9.820E-01 9.874E-01 
27.6 7.559E-03 6.840E-03 9.807E-01 9.784E-01 
 
Table D.3: Complex conductivity data of sample P2 (shale) as function of confining pressure and 
measurement direction. The conductivities shown are acquired at 5 Hz frequency. 
Confining 
Pressure 
In-phase Conductivity Quadrature Conductivity 
In-plane Transverse In-plane Transverse 
MPa S/m S/m S/m S/m 
0.0 1.366E-03  2.050E-04  
0.3 1.304E-03    
1.7 1.370E-03 1.391E-04 9.951E-05 5.975E-06 
3.4 1.114E-03 1.524E-04 9.632E-05 4.299E-06 
6.9 8.999E-04 8.243E-05 1.029E-04 3.810E-06 
10.3 7.494E-04 6.545E-05 9.598E-05 3.524E-06 
13.8 7.141E-04 5.147E-05 9.189E-05 3.502E-06 
17.2 6.837E-04 4.715E-05 9.891E-05 3.414E-06 
20.7 6.419E-04 4.378E-05 1.019E-04 3.103E-06 
24.1 5.797E-04 4.350E-05 9.435E-05 3.153E-06 





APPENDIX E  
STANDARD EXPERIMENTAL PROCEDURES 
 
Standard experimental procedures for joint ultrasonic – electrical measurement are presented. I also 
include sample preparation procedures for Inductively Coupled Plasma Mass Spectrometry (ICP-MS) test. 
E.1 Joint Ultrasonic – Electrical Measurement System 
E.1.1 Sample Coring and Preparation 
Equipment:  
1. Low-speed drill with 1.5-inch diameter diamond coring bit 
2. Water cooling system and compressed air cooling system 
3. Vise / clamps / sample holder 
4. Core grinder 
5. Safety gloves 
6. Safety glasses 
7. N95 face mask 
8. earplugs 
Procedures: 
1. Determine foliation plane of cores / chunks / slabs that will be used for sampling. First, identify 
beddings and lamination directions by naked eye and CT. Second, measure ultrasonic P-wave 
velocities of the chunks at seven angles to beddings: 0º, 15º, 30º, 45º, 60º, 75º, 90º. The true 
foliation plane is the plane with maximum P-wave velocity value. 
2. Secure cores / chunks / slabs on clamp. Make sure foliation plane of the core is aligned with 
coring bit.  
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3. Turn on cooling system. For sampling of low clay content samples (sandstones, chalks, etc.), 
water could be selected as coolant. For clay-rich mudrocks and shales, fresh water cooling should 
be prohibited. Compressed air is a preferable alternative coolant. When using air cooling system, 
face masks are always required as rock dust will be produced. 
4. Turn on coring system and core sample in constant drilling speed. Coring should not be stopped 
until go through entire chunk or meet required sample length. Preserved samples need to be 
sealed and waxed as soon as coring finishes. Bit needs to be checked before next coring and 
replaced if necessary.  
5. Joint measurement system described in this thesis requires perfect cylindrical sample. After 
coring, cut sample into cylinder with length of 43 – 56 mm. Top and bottom sides of sample 
need to be grinded into smooth and leveled surfaces.  
6. Measure P- and SH-wave velocities at multiple angles to bedding as shown in step 1. The true 
foliation plane of the sample is parallel to directions of maximum P- and SH-wave velocity. 
7. To saturate sample, submerge sample in fluid, and left in vacuum chamber for at least 12 hours 
or until no air bubbles coming out of sample surface. Put sample and pore fluid in pressure vessel 
and pressurize to 14 MPa (2000 psi). For tight samples such as mudrocks and chalks, 
approximate saturation time under pressure are two to three weeks. 
E.1.2 Ultrasonic Transducer Installation 
Equipment:  
1. Compressional and shear Lead Zirconate Titanate (PZT) gold-plated piezoelectric crystals 
2. Enamel-insulated wires with striped ends 
3. Soldering equipment 
4. Devcon 5-mins epoxy and Cytec K-20 epoxy 
5. Electrically conductive epoxy 




1. Cut compressional and shear piezoelectric crystals into 10 mm×5 mm rectangles. Polarization 
direction of each shear crystal should be parallel with short edge of rectangle to generate SH-
wave.  
2. Apply thin layers of 5-mins epoxy on all four side walls of crystal. Wait to dry. Meanwhile, cut 
enamel-insulated wires to desired length. Strip insulation on both ends of wires (approximately 
3-5 mm). Solder male pin connectors to one side of wires. 
3. Stick crystals to leveled workbench surface, allow one gold-plated side up. Mix electrically 
conductive epoxy resin with hardener (5:1 ratio). Apply mixed epoxy on upper gold-plated side, 
and avoid excessive epoxy overflowing to sidewalls. Set open end of wires on conductive epoxy; 
let assembly sit for twelve hours or until epoxy cures.  
4. Mix part A and B of K-20 epoxy in 1:1 ratio. Apply K-20 epoxy on upper surface of crystal to 
complete cover conductive epoxy, uninsulated wires and side walls of crystal. Allow K-20 epoxy 
to cure. Connect each crystal with ultrasonic acquisition system to check generated wave 
amplitudes. Acceptable crystal should have wave amplitudes higher than 1 volt.  
5. Secure sample jacket on rotary table. Apply mixed conductive epoxy to plateau between two 
electrode sockets. Attach one compressional and one shear crystal to each plateau. Also glue a 
wire to plateau by conductive epoxy; this wire will serve as ground cable for both crystals. Rotate 
the jacket to attach all twelve crystals and six ground cables. Allow epoxy to cure. 
6. Apply mixed K-20 epoxy on plateaus to cover all conductive epoxy and crystals. Avoid 
excessive epoxy flowing on flexible part of jacket. Allow epoxy to cure. 
E.1.3 Current Electrodes Installation 
Equipment:  




3. Enamel insulated wires 
4. Cytec K-20 epoxy 
5. Soldering equipment 
Procedures: 
1. Solder insulated wire to brass electrode. 
2. Apply mixed K-20 epoxy in electrode socket on endcap. Push electrode into socket firmly, then 
also fill feedthrough hole with K-20 epoxy. Allow epoxy to dry. Solder pin connector to end of 
feedthrough wire. Check connectivity between the brass electrode and the pin connector. 
E.1.4 Sample – Jacket – Transducers Assembly 
Equipment:  
1. Sample jacket with crystals attached 
2. Endcaps, pore fluid line connectors and O-rings 
3. Sample 
4. 2.0 mm diameter Ag-AgCl non-polarizable pellet electrodes 
5. Cytec K-20 epoxy 
Procedures: 
1. Slide sample into sample jacket; make sure sample foliation plane is aligned with 0º crystal 
groups, and plateaus locate at center of sample.  
2. Install pore fluid line connectors and O-rings on endcaps. Rotate endcaps into jacket until contact 
sample end surfaces.  
3. Insert pellet electrodes into potential electrode sockets and make sure they are in contact with 
sample sidewall. Fill sockets with K-20 epoxy. Allow epoxy to cure.  
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4. Solder pin connectors to feedthrough wires of electrode. Apply insulation coating on all 
feedthrough wires. 
E.1.5 Pressurization Procedures 
Equipment:  
1. Sample – jacket assembly 
2. Pressure vessel 
3. Teledyne Isco syringe pump systems 
Procedures: 
1. Connect pore fluid line on endcaps with vessel pore line system. For dry sample or drained test 
of saturated sample, pore line could be open to atmosphere. Otherwise, pore line should be 
connected to pore fluid Isco pump. 
2. Connect cables of all transducers and ground wires to connectors inside vessel. Check 
connectivity between cables and connectors as well as insulation between cables. Acquire 
ultrasonic and electrical data under ambient conditions before seal jacket into vessel. 
3. Fill pressure vessel with hydraulic oil. Seal vessel and connect confining pressure pump with 
vessel.  
4. To increase / decrease confining and pore pressure, setup constant pressure gradient program in 
confining pressure pump controller. Typical parameters include pressure gradient, initial 
pressure, end pressure and action after reaching target pressure.  
5. Pressure gradient should always less than 0.1 MPa/min (15 psi/min) for both pressure increasing 
and decreasing. Pore pressure should never be allowed to surpass confining pressure.  
6. After reaching target pressure, an equilibrium time is needed. Before data acquisition, flow rate 
shown in controller should drop under 0.01 ml/min. 
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E.1.6 Ultrasonic Acquisition System 
Equipment:  
1. Pulse generator 
2. Digital oscilloscope 
3. Computer and Spectrum Division software 
Procedures: 
1. Before ultrasonic measurement on actual rock sample, an aluminum sample with identical 
geometry and known velocities should be measured in same pressure setups with sample. This 
aluminum data will serve as reference for system delay correction and attenuation analysis. 
2. Connect pulser and oscilloscope with jacket through feedthroughs on vessel, and form 
transmitter-receiver array. 
3. Connect oscilloscope with computer through ethernet cable. Open Spectrum Division (version 
2.6 used in this study); open “Options” and set system configuration to Rock Abuse; enter 
acquisition setting as 512 average and enter VISA address as IP address of oscilloscope. 
4. Click “New” and start new acquisition, enter name of folder to be created. You could also select 
folder in “Reference /Acquisition” list.  
5. Start acquisition by click “Receive” on panel. When acquisition finishes, enter pressure 




1. Open waveform file in Spectrum Division. Zoom in waveform to focus on first arrival point (the 
point that ultrasonic sine wave starts to show).  
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2. Right click, hold and drag cursor on the first arrival point. Click “Pick” “Velocity” in navigation 
bar to return a velocity value. The velocity value will also be saved into ASC file. 
Attenuation Analysis: 
1. Start a new Q-file by clicking “New” “Q-file” in navigation bar. The Q-file will be .dat file saved 
in folder of your reference data. 
2. Open aluminum reference file in “Reference / Acquisition” list. Pick velocity value. 
3. Click “View” “Signal Pick” in navigation bar of waveform window. Left click slight ahead of fist 
arrival point; right click and drag cursor to the end of first wave cycle. Make sure distance between 
start and end point are slightly less than wave length. Click “Pick” “Signal” in navigation bar of 
waveform window to perform Fourier transform. 
4. Leave reference waveform window open, Open sample file in “Signal” list. Pick velocity value. 
Repeat Step 3 and select waveform for Fourier transform. Make sure the signal delta picks (shown 
at bottom of window) of reference and sample are within same range of  – . For example, 
delta picks should be both in range of 128 – 256, 256 – 512 or 512 – 1024.  
5. Click “Pick” “Signal” to perform FFT for sample. A window will open to show  (see 
Chapter 3) versus frequency. Two red lines will show suggested frequency range for Q calculation, 
and you could also move the lines to change frequency range. Click “Pick” “FFT” to acquire  
value for selected frequency range. The uncertainty of  will also be shown. Click “Save” to save 
 value of your sample into Q-file.  
E.1.7 Electrical Acquisition System 
Equipment:  
1. Spectral induced polarization system (Radic-Research SIP-LAB II system used in this study) 




1. Turn on function generator and computer, connect the four signal channels to feedthroughs of 
electrodes. 
2. Open SIP-LAB II software. In configuration window, set desired frequency bandwidth, and 
confirm values for shunt resistor and output voltage. Signal channels for current electrodes (C1, 
C2) and potential electrodes (P1, P2) also need to be confirmed. Exit configuration.  
3. Switch “Spectrum” “Time Series” level to “Spectrum”. Double check electrode channels, and 
set acquisition frequency mode to “ALL F”. You could also change your configuration by 
clicking “CONFIG.”. Click green “START” button to start acquisition. 
4. After measurement finishes, click “SAVE” and “EXPORT” to save data to computer. Complex 
conductivity could be calculated using measured apparent resistance and phase angle (see 
Chapter 5). Geometric factor is derived by finite element simulation of electric field in sample.  
E.2 Inductively Coupled Plasma Mass Spectrometry Test 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) test is used in this study to determine 
pore fluid salinity of our samples. Here I present sample preparation procedures for ICP-MS test. 
1. Crush sample and sieve sample powder through No.40 mesh sieve.  
2. Take 2.5 grams of sieved powder and mixed with 500 mL deionized water. Let fluid precipitate 
for 24 hours. 
3. Filter solution through 0.2 μm PTFE filter to remove solid particles.  
4. Collect 20 mL of filtered solution and send for ICP-MS test. 
Results of ICP-MS were then converted to salt concentration and NaCl equivalent salinity in the 
original sample. 
 
